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ABSTRACT

In this research, focus has been placed on the study of magnetic anomalies due to
geometric frustration of magnetic ions. The goal of the study presented in this dissertation
was to synthesize pseudo-low-dimensional (PLD) compounds, those structures showing
zero (dot), one (chain), and two (sheet) dimensional lattices observed in extended (3D)
host frameworks with enhanced anisotropic physical properties, in an attempt to elucidate
some structure-property correlations arising from magnetic spin confinement. The scope
of this research involved 1) exploratory synthesis of novel, low-dimensional transition
metal oxide lattices, specifically Mn and V, embedded in non-magnetic oxyanion
frameworks, either Ge, P, or As, employing various solid state techniques, 2) the
characterization of structures and physical properties of these materials, including by not
limited to the X-ray crystallographic structures and dc magnetic susceptibilities, and 3)
the investigation of structure-property correlations to possibly identify the origins of any
interesting magnetic properties. The ability to correlate specific structural features to
targeted magnetic behaviors is of great technological importance, particularly in the fields
of data storage and information processing, with the outlook of quantum computing and
ever-increasing information storage capacity needs.
In the following studies, typical reactions employed the combination of transition
metal oxides and oxyanions of the type XOmn- or X2Omn- mixed with alkali halide salts
heated to above either the melting point of the salts and/or the decomposition points of
the oxides. The use of the halide salt flux is important for various reasons. First, the
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corrosive nature of the molten salt is very effective at digesting the oxides and increasing
their reactivity with one another at reasonable temperatures (<900°C). With the high
melting and decomposition points of many oxide materials, reactivity can be fairly slow
below very extreme temperatures (> 1000°C). The salt essentially acts as a solvent for
the reaction of the oxides. Secondly, due to the solvent-like nature, crystal growth from
the medium can be controlled to some extent based on the salts employed and the cooling
of the reaction. Just as in crystal growth mechanisms in hydrothermal or solvothermal
reactions at low temperatures (<300°C), the slow cooling of the molten salt solution can
allow for crystal nucleation and growth, depending on the amount of time involved in the
digestion and cooling processes and the nature of the salt flux employed. For example, a
single halide salt versus a eutectic mixture of different alkali halides can produce
different products or product distributions due to the varying interactions of the reactants
with the different salt lattices and components. Finally, the salt flux can be a source of
alkali metal ions that otherwise would typically be difficult or impossible to include in
the reaction mixture. The most notable of these is that of Rb and Cs for the fact that one
cannot purchase the oxide forms of these materials. The only way to incorporate them is
to generate them in situ using either decomposition products from hydroxides or
carbonates or from the metathesis reaction between the halide salt and another alkali
oxide.
The research presented is divided according to the metal and oxyanion employed
in the reactions. Initially, examination of germanates was performed due to the favorable
coordination properties of Ge. First, germanates have been shown to occupy multiple
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coordination environments, including 4-coordinate tetrahedral, 5-coordinate square
pyramidal, and 6-coordinate octahedral, and to occupy mixtures of these within the same
compound. The ability of Ge to occupy these different sites means that it can play
various roles in the structure, from discrete spacing ions to mixed site occupancy with
typically 6-coordinate metal ions. Second, germanates have shown tendencies to form
clustered secondary building units (SBU), including but not limited to metagermanate
chains, rings, and clusters ( > 7 Ge ), which add additional insulating oxyanions between
magnetic centers. These SBUs aid in one of the ultimate goals of this research to design
structures with isolated magnetic sublattices. The tendency of Ge to form SBUs drives
the transition metal oxide lattice into smaller units within the overall extended structure,
breaking down long range ordering of the magnetic interactions.
The change to vanadium phosphates and arsenates was due to two initial factors.
First, V shows similar coordination anomalies as Ge, specifically the abilities to occupy
multiple coordination environments. Vanadium is seen in tetrahedral, square pyramidal,
and octahedral, however, these coordinations can be controlled to a greater extent than
that of Ge due to oxidation states. Various oxidation states of V demand particular
coordination geometries, and therefore, can drive the structural formations. For example,
V3+ is typically octahedral, while V5+ is typically tetrahedral or square pyramidal; V4+ is
the exception being able to occupy any of the three coordination environments. Second,
reactions using both V and Ge were less than successful, so P and As oxides were
employed.

Simply put, the reactions performed showed much better reactive

compatibility and control between the V and P and As than with the Ge.
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Structures resulting from these various studies included 1D chain compounds of
Na3-x(Mn3-xGex)O2(Ge4O12) (x = 0.24(1) – 0.30(3)) (Chapter 3) and AV2O3(PO4) (A =
Rb, Cs) (Chapter 4), synthesized containing confined triangular lattices of vanadium and
manganese oxides linked through closed-shell, nonmagnetic oxyanion linkers, [PO4]3and [GeO4]4-, respectively. These materials offer an insight into the interchain vs.
intrachain interactions of frustrated equilateral triangle 1D chains that are of fundamental
importance for design synthesis of extended solids with quantized properties. The 2D
layered Kagomé compound AMn3O2(Ge2O7) (A = K, Rb) (Chapter 5) is another example
of a low-dimensional compound allowing exploration of the complicated ground states of
a fully frustrated triangular sheet. Finally, as an intermediate between 1D chains and 2D
sheets is the compound Na2Mn5(Ge4O11)2 (Chapter 3). This compound is constructed of
3-wide manganese octahedra slabs separated from one another by chains of
metagermanate rings and channels containing Na cations. Other synthesized compounds
have taken advantage of the inherent properties of germanates and vanadates to generate
low-dimensional structures or salt-included compounds. In this dissertation, we will
present the synthesis, structure and properties of some selected PLD solids that show
novel magnetic properties.
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CHAPTER ONE
INTRODUCTION
To delve into chemistry is to begin the journey into the understanding of one of the
fundamental foundational building blocks of the interactions between all things, from the
atomic to the sociological. In the following sections and chapters, the specific area of the
study of chemistry in the solid state will be explored and detailed in relation to the
synthesis and characterization of some new materials. Information ranging from applied
synthetic methods to theoretical applications of materials will be discussed with
particular attention paid to the ideas of magnetic couplings within the materials.

Solid State Inorganic Chemistry
Chemistry, as a field, is very fundamental to the function of all things. It entails the
study of the interactions of all the elements that make up matter. Specializing in solid
state inorganic chemistry has allowed for the study of a field with the potential to impact
many parts of everyday life due to the increasing number of devices that employ
interactive solid materials (consider computer hard drives, mp3 players, cell phones, etc).
Solid State chemistry is the study of the synthesis of and the structure-property
correlations in materials that are either analyzed or utilized in the solid state or are
synthesized using solid state methods. These materials can be either crystalline or noncrystalline (amorphous) in nature. With crystalline materials, the way the elements are
packed together determines the structure and properties of the material. Materials can
consist of either molecular subunits that pack to form the solid or non-molecular
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extended structures consisting of 3D arrays of atoms. The properties of an extended solid
are controlled by the packing and interactions of the individual elements within the 3D
array, whereas with molecular materials the properties are defined by the individual
molecular units. To fully understand solid state chemistry, one must appreciate the
complexity of these extended structures and the potentials they contain for novel
materials or materials with interesting properties.1
Concerning the identification of new materials, serendipitous discoveries are the
welcomed friend of most, if not all exploratory scientists. To quote Dr. John D. Corbett
―Discovery of a new material nearly always involves a fair measure of serendipity in a
somewhat intuitive or random search of reactant, temperature and time space.‖2 The
action of identifying one thing while targeting something wholly different can be
exciting, as well as a test of one’s skill level as they progress through their scientific
career. For an exploratory chemist, the serendipitous act is typically wandering into a
portion of a phase diagram that has not yet been fully explored. This can include changes
in molar ratios of reactants or reaction conditions, to name a few. The true test of one’s
skill is not in the reacting, however, but in the examination of the products upon
completion. Being able to sieve out the important from the unimportant, the novel from
the known, the ―diamonds in the rough‖ are the true skills that one develops and must
rely upon to progress.
The field of solid state chemistry has been expanding for years, influenced by the evergrowing demand for advanced technology and the drive for more environmentallyfriendly materials. Many discoveries along the way have fueled the search for novel and

~2~

interesting solid state compounds for next generation devices.

Some of the recent

discoveries include, but are not limited to, the high TC superconductor YBa2Cu3O7- from
the 1980s3, the quantum tunneling of magnetization found in the SMM (Single Molecular
Magnet) Mn12-ac ([Mn12O12(CH3COO)16(H2O)4] • 2CH3COOH • 4H2O) in the 1990s4,
and the push in the recent decade for Li+ ion battery materials for electric vehicles and
other applications.5 These applications have driven the field of solid state chemistry
toward the goal of ―crystal engineering‖, to be able to control the design of a material to
achieve the desired properties.
However, as a solid state chemist, only so much control over the reaction process can
be exerted due to thermal dynamics.

The ability to purposely pursue specifically

thermodynamically stable phases, kinetically stable phases or metastable phases utilizing
the reaction conditions (i.e. oxidation state of the reactants, the atmosphere, the flux, the
reaction container, etc.), is a goal of a level of control that all synthetic chemists seek. A
relative amount of force can be placed on the reactions to ―encourage‖ desired structural
features, however, in the end, nature will take its course. The goal is to alter the
destination of that course. The use of materials that act as a flux to increase the reactivity
of materials at lower temperatures or are either reactive within the reaction conditions or
decompose to reactive species are some methods for controlling the kinetics of the
reaction and elements involved. Typical solid state reactants used in open-air syntheses
are any of the carbonates or nitrates due to their decomposition to gases and the
corresponding oxides within the confines of the reaction. However, these materials are
less desired in other types of solid state reactions that are run inside of sealed systems
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where the additional pressure generated from the decomposition would destroy the
vessel.

Here, reactants that can be made to react without producing gaseous

decomposition products are desired, such as the employment of reactive fluxes or oxides.
The aim of this dissertation is on the synthesis and characterization of new crystalline
inorganic oxides containing low-dimensional magnetic lattices. The fundamentals of
magnetism along with what low-dimensional magnetic features entails concerning
structure and property, will be detailed in the following paragraphs.

Some known

compounds and desired properties will also be discussed to set the basis for the proposed
research and goals identified at the end of Chapter 1.

Fundamentals of Magnetism
Magnetism is one of the basic forces of nature, and it has driven many researchers for
many years to sit and ponder over what it truly is. These ponderings have led to the
understanding of some of the fundamentals of magnetism but much is still unknown
about the phenomena.
The few things we do know about magnetism begin with the understanding of spin.
Each electron in an atom has associated with it a spin. When paired with another
electron, these spins align opposite and equal, therefore, generating a net zero spin
moment. However, when spins remain unpaired, as is the case with most transition
metal-containing compounds, the spins are free to interact with each other (directly or
indirectly) or with an external magnetic field. The interactions of these spins with the
field are classified in four basic areas: paramagnetic, ferromagnetic, antiferromagnetic,
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and ferrimagnetic. A fifth descriptor used to describe the interaction of spins with a field
is diamagnetic and it is associated with paired spins and superconductors with respect to
the ability of a material to repel the flux lines of an external field. All materials have a
diamagnetic component due to the paired core electrons within each element. The other
four basic fields refer to how the spins align with the field. As can be seen in Fig. 1-1,
paramagnetic refers to the random orientation of spins. Ferromagnetic refers to the
parallel alignment of the spins all in the same direction so as to generate a net magnetic
moment in some direction. Antiferromagnetic alignment is the antiparallel alignment of
spins, alternating in directions so as to generate a net zero magnetic moment.
Ferrimagnetism is essentially antiferromagnetic behavior with unequal numbers of
antiparallel spins. This is the case when more spins point in one direction than the other
while maintaining the antiparallel arrangement.

Most magnetic behaviors can be

attributed to combinations and transitions between these five basic magnetic states.
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Figure 1-1. a) Diagrams representing the behavior of spins as correlated to the four
basic magnetic classifications: a) paramagnetic, b) ferromagnetic, c) antiferromagnetic,
and d) ferrimagnetic and b) the corresponding graphs of the typical temperaturedependent magnetic susceptibilities plotted as  vs. T (temperature).1

a)
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b)
The magnetic susceptibility, , of a compound is related to the magnetization, M, of
said compound and the applied field, H, through the equation:1

M=H
As seen from Fig. 1-1b, the magnetic susceptibilities of each classification of magnetic
behaviors are distinct.
repulsion of the field.

Diamagnetic susceptibility is small and negative due to the
Paramagnetism slowly increases in susceptibility as the

temperature decreases. This is evidence of the phenomena of the spins aligning more and
more with the applied field as the thermal energy of the atoms is reduced. As long as the
thermal energy is high enough to overcome the energy barrier to flipping the spin
direction, all of the spins will not align with the external field or remain aligned once the
field is removed (Fig. 1-2). This same phenomena applies to ferromagnetic materials,
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however, there is a temperature, the TC or Curie temperature, where the thermal energy is
not enough to overcome the energy associated with flipping the spin direction and the
spins align with the magnetic field, generating the sudden increase in susceptibility.
Below this temperature, the alignment of the spins in a ferromagnetic material will
remain, generating remnant magnetization, the typical behavior we associate with
magnets that allows them to stick to other magnetizable metal objects. Antiferromagnetic
susceptibility also has a temperature-dependent phenomenon; however, it is related to the
point at which the spins become locked into an antiparallel arrangement, known as the TN
or Néel temperature. This is observed as the sudden decrease in susceptibility.
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Figure 1-2. A schematic representation of the energy barrier to spin reversal known
as the double-well diagram.6
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TC comes from Pierre Curie who, through his studies in the 1890s of magnetic
materials, determined that there is a temperature for ferromagnetic materials at which
they begin to behave paramagnetic-like. From these studies, he determined that magnetic
susceptibility is inversely proportional to temperature with the following equation:

 = C/T
where C is the Curie constant. This equation holds true for materials where the spins
behave as purely paramagnetic, or in other words the spins do not interact with one
another.7 However, when the spins are able to interact either directly or indirectly, the
modified Curie-Weiss equation must be employed:

 = C/(T-θ)
where θ is the Weiss constant. The Curie-Weiss equation was developed to explain
the deviation of the magnetic susceptibility plots of ferro- and antiferromagnetic
materials above their transition temperatures. This region is where the materials behave
paramagnetic-like, but are not fit well by the Curie law due to deviation created by the
direct or indirect exchanges between spins.
Direct or indirect interactions of the spins on the magnetic ions are dictated by the
bonding within the structure. Direct interactions can occur when the ions are specifically
aligned and close enough so that the wave functions of the moments of the atoms may
have significant overlap.

Indirect interactions, or superexchange, occur when the

moments communicate through the orbitals of a non-magnetic ion, typically oxygen. The
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degree of superexchange is defined by the rules developed by Goodenough8 and
Kanamori9 and state that based on the M-O-M bond angle, the interactions may be
either ferromagnetic or antiferromagnetic. For angles near and below 90°, the sign of the
exchange is positive and the interaction is ferromagnetic, or the spins prefer to align
parallel to one another. For angles up to 180°, the sign of the exchange is negative,
implying an antiferromagnetic interaction, or preference to antiparallel alignment of the
spins.

This research has focused on the indirect superexchange interactions of the

magnetic d-orbitals of the transition metals through the diamagnetic p-orbitals of the
oxygen (Fig. 1-3)
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Figure 1-3. Schematic example of superexchange showing the exchange of the spins between the Ni2+ ions through the O2p-orbitals.
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Magnetism of Low-Dimensional Materials
This research has targeted attempting to understand a portion of this broad topic, in
that it has examined the magnetic properties of materials that have had their magnetic
lattices confined to only one or two dimensions. As time has passed, the progression of
materials to smaller and smaller dimensions has been a steady process for many realms of
research. However, as the sizes of materials have approached the atomic scale, unusual
physical phenomena, such as quantum properties, have been observed arising from the
confined electrons of the materials.10 Superconductivity, metal-insulator transitions,11 and
quantum tunneling12 have shown to be size/dimensionality dependent physical properties
that have been extensively investigated for further shrinking the size of electronic devices
in our current technology.

Furthermore, geometrically frustrated magnetism,13

superparamagnetism14 and spin-gap spin-Peierls15 transitions are associated properties
that have attracted much attention due to their complicated magnetic phenomena. In
particular, geometrically frustrated magnetic structures are interesting due to their exotic
spin ground states, which typically restrict the long-range ordering of the spins.13 The
most famous of these geometrically frustrated materials are those that contain the
Kagomé lattice. The Kagomé structure is discussed in great detail in Chapter 5, but to
summarize, the geometric frustration stems from the triangular arrangement of the
magnetic ions.
Magnetically insulated transition-metal oxides containing nanostructured lattices have
gained increased attention with respect to quantized properties due to spin confinement in
zero- (clusters)16, one- (chains)17, and two- (layers)18 dimensions employing
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electronically-insulating, closed-shell diamagnetic oxyanions (such as silicates, arsenates,
and phosphates). By insulating the magnetic species into reduced dimensions, the long
range ordering of the material can be limited (Fig. 1-4).19 When you restrict the longrange ordering of a magnetic material, you can have tremendous impact on its response to
a magnetic field. This confinement of spin interactions can produce interesting and
complex effects on the magnetic response of the material, ranging from slow relaxation
of

magnetization20

and

superparamagnetism

superconductivity, to name a few.21
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to

well-known

high-temperature

Figure 1-4. Schematic diagrams of low-dimensional extended solids embedded in
closed-shell oxy-anion matrices.
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To investigate these and other quantum phenomena and acquire new materials with
novel magnetic properties, novel low-dimensional materials must be explored and their
structure-property correlations studied to investigate how their structural differences
affect the quantum spin states. One recent example is a comparative study of analogous
BaCu2Ge2O7 and BaCu2Si2O7 showing how the slight difference in size, and therefore
bonding angles, of the Ge and Si created distinctly different spin systems.22 Larger
nearest-neighbor intrachain interactions for the Ge species made it a more ideal
compound for examining spin chain DM (Dzyaloshinskii-Moriya) interactions.23
These couplings can be further complicated by the spatial arrangements of the atoms.
In particular, triangular arrangements of spins leads to geometrically frustrated magnetic
interactions.13 Frustration refers to the inability to minimize all the components of the
Hamiltonian that describes the interaction between two spins.

Hex = -2J(S1·S2)
This inability to have a minimized state is one of the largest reasons frustrated systems
are studied. Having multiple combinations of variables that result in degenerate ground
states makes the presence of a single ground state nearly impossible. This is an attractive
feature of frustrate material as much as it is a misunderstood feature. Learning what
these degenerate ground states look like and how nature determines what is the ultimate
minimum in one of these systems is a fascination for many solid state chemists who
investigate low-dimensional materials.
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Scope of Research
Examination of quantum effects in magnetic materials due to the reduction of
dimensionality has become a central theme in much of the magnetic research of advanced
materials due to the reduction of size of many devices that seek to employ them.
Therefore, novel compounds that can be examined to gain this fundamental
understanding of the link between dimensionality and quantum magnetic effects are
required.

This research has taken an approach utilizing several factors to develop

materials that should provide compounds containing low-dimensional magnetic lattices.
To begin, the first factor that is incorporated to reduce the dimensionality of the
synthesized materials is that of alkali halide fluxes as high temperature solvents. This
technique has been shown to produce materials that are hybrid combinations of the ionic
salt lattices and covalent oxide lattices. This technique, known as salt templating, has
been shown to produce materials with covalent metal oxide lattices in the form of chains
(1D) and layers (2D). Some of the most notable salt-inclusion compounds are known as
CU compounds and include, but are not limited to, CU-2 (Rb1.14Cs4.15Cu3(As2O7)2Cl3.19),
CU-6 (ACu5O2(M’O4)2X), and CU-7 and CU-10 (A3Zn3(P2O7)2Cl) (Fig. 1-5).24 In these
cases, the salt flux gets incorporated into the final structure as an ionic scaffold within the
framework of the covalent lattice. This is one case where the salt flux becomes known as
a reactive flux due to its inclusion into the formation of the final compound. Salt fluxes
can also become reactive fluxes by acting as a reactant and contributing elements to the
covalent lattice. To this end, the salt flux is very important when the desired reactants are
not readily available. This situation is best seen in the reactions where ―Cs2O‖ or ―Rb2O‖
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are desired as reactants. These materials are not commercially available, but can be
generated, so-called, in situ utilizing reactive fluxes and available alkali oxides and a
metathesis reaction. The metathesis reaction relies on the size matching of the various
components of the reactants involved. In these reactions utilizing the alkali metal halides
and oxides, the metathesis reactions can be driven by choosing reactants that will tend
towards the desired products based on the size matching of the ions in the products and
size mismatching of the reactants. For example, the metathesis reaction of CsCl with
Na2O is written below:
Na2O + CsCl ↔ ―Cs2O‖ + NaCl
The ―Cs2O‖ is written in quotations due to the fact that its existence is debated.
However, the evidence for the intermediate species is strong due to the incorporation of
Cs+ into many solid state materials where the only possible source of Cs+ is the salt flux.
The drive for this reaction is the size matching of the Na+ and Cl- ions in NaCl over the
size mismatching of the CsCl. By relying on this reaction to occur in situ, various cation
derivatives of materials can be explored to examine how the incorporation of different
cations can affect the structure and properties of the synthesized materials.
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Figure 1-5. Diagrams of some of the CU salt-templation compounds. a) CU-2 b) CU6 c) CU-7 and d) CU-10.

a)

c)

b)

d)
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The second factor utilized to reduce the dimensionality of the magnetic lattices within
the synthesized materials is the incorporation of directing reactants.

Non-magnetic,

closed-shell oxy anions were one portion of this directing variable.

These cations,

typically P5+, As5+, or Si4+, have empty s and p orbitals that are not involved in bonding at
the Fermi level, or in other words do not have unpaired spins available for coupling with
an external field. This empty nature of these species generates a degree of separation
between the magnetic elements of the material. To expand this feature and increase the
potential to generate low-dimensional subunits, exploration of the oxy anion germanium
was employed in parts of this study. The reason Ge was chosen, besides the previously
mentioned empty-shell nature, is the fact that it typically generates meta- subunits of
larger sizes than P or As. P and As oxides are often seen in [XO4]3- tetrahedral units,
paired tetrahedral [X2O7]4- units, or meta-chains of the tetrahedra units. Germanates, like
silicates, have a higher tendency to cluster and form larger subunits which can drastically
increase the separation of the magnetic ions and force them to cluster into 1D and 2D
subunits of their own. Also, Ge has an uncanny ability to occupy multiple coordination
environments within the same subunit. Coordination environments of tetrahedral, square
pyramidal and octahedral are all seen in various germanium oxide subunits (Fig 1-6). By
utilizing germanium oxide, some control is exerted on the systems to attempt to direct the
formation of low-dimensional transition metal oxide lattices.
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Figure 1-6. Examples of various germanate oxide building units observed in other
compounds.

Tetrahedra, square pyramids, and octahedra combine to form various

clustered subunits.25
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Continuing to employ ions that have a tendency to influence the formation of lowdimensional features and expanding into the possibility for redox chemistry, vanadium
was also chosen as a directing reactant. Vanadium, occupying multiple oxidation states
from 3+ to 5+, has the similar ability of germanium to occupy multiple coordination
environments from tetrahedral to square pyramidal and octahedral, as seen in Figure 1-7.
As seen in the diagram below, not all of the oxidation states can occupy all of the
coordination environments, but some overlap does exist particularly in relation to the
octahedral coordination across 5+, 4+ and 3+ and square pyramidal coordination across
5+ and 4+. This offers the possibility to perform some redox chemistry on the vanadium
and maintain structural integrity across changes in oxidation states. The potential for
redox chemistry to be performed on vanadium made it an interesting choice for a
magnetic ion. Since magnetic behavior is based on the spins of the ions, the ability to
control the magnetic behavior by adjusting the oxidation state through redox chemistry
offers a new method for controlling the magnetic properties of the material. This study
was focused on synthesizing novel vanadium oxides with the potential to be used in
redox reactions to examine the effect of the change in oxidation state on the magnetic
behaviors.
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Figure 1-7. Schematics showing the correlation of vanadium oxidation states to
coordination environments along with typical bond lengths and the percentages observed
in the compounds reviewed.26
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In total, the scope of this research was to examine A-M-X-O systems where A is an
alkali metal, M is a magnetically interesting transition metal, and X is the corresponding
cation of a closed-shell oxy anion. Due to the fact that many of the reactants employed
were high refractory oxides, the utilization of the salt flux as a high temperature solvent
was a natural step. The examination of these systems involved, first, the synthesis of the
novel materials, second, the structural and property characterization of the materials, and,
third, the structure/property correlation studies to determine what factors of the structures
dictated the observed properties.
The syntheses were performed utilizing established solid state techniques including
sealed-tube reactions and open-air reactions. The materials were loaded either utilizing
the N2-filled dry box for sealed tube reactions or in air into alumina or Pt crucibles for
open-air reactions. The reactants were weight and ground together before being loaded to
reduce the effect of slow solid state diffusion by bringing the materials to an intimate
mixture.
Once the materials were reacted, the products were isolated and examined, first,
visibly under an optical microscope to look for viable single crystalline products for the
second phase involving X-ray diffraction. If single crystals could be identified optically,
they were removed and mounted onto pulled glass fibers with dimensions as close to that
of the mounted crystal as possible. These mounted crystals were then analyzed utilizing
a CCD-enabled Single Crystal X-ray Diffractometer (SXRD). From these analyses, the
structure of the single crystal could be determined and compared to known phases to
determine if the phase was novel or known. Once single crystals had been selected, a
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Powder X-ray Diffraction Pattern (PXRD) was taken of the remaining total product to
examine the portion of the total material that was the discovered single crystalline phase.
From the PXRD, the phase identified by the single crystal analysis and other phases not
found to be of significant single crystal size for SXRD analysis could be sorted out and
possibly identified. Also, it could be determined if all of the phases synthesized were
crystalline due to the broad features of amorphous components that develop in a PXRD
pattern between 2θ values of 20 and 30.
Once the phases of each reaction are identified, if they can be isolated, property
characterizations are run to determine some of the behaviors of the compound. These
properties include but are not limited to thermal stabilities, magnetic behaviors, and
UV/vis reflectance. These properties can then be correlated to the identified structural
features so that more can be gleaned from the effects of atomic packing on physical
properties.
The chapters that follow detail the several compounds synthesized using the methods
explained in previous paragraphs and in Chapter 2.

Compounds ranging from 1D

magnetic chains (Chapters 3 and 4) to 2D frustrated sheets (Chapter 5) to the gray area
between 1D and 2D (Chapter 3) are described concerning their structural features and
properties, where isolation of pure samples allowed. Chapter 3 highlights the versatility
of the germanium ion to occupy multiple coordination environments to generate lowdimensional subunits and reduce the long range ordering of the transition metal oxide
lattice. Chapter 4 focuses on the switch to vanadium as the directing reactant and shows
how the short vanadyl bond (V=O) on the square pyramidal coordination can act as a
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terminating ligand and block the expansion of the structure to higher dimensionality.
Chapter 5 is concerned with a special structure type known as Kagomé. The Kagomé
structure type is one of the ideal frustrated structures that many researchers have been
attempting to synthesize in such a way as to allow for the fundamental examination of
geometric frustration. The ideal, unbroken nature of the Kagomé lattice detailed in
Chapter 5 makes it a prime candidate for basic examination of frustration on a perfectly
frustrated 2D lattice. Each chapter highlights the structural features of each of the
compounds in light of the transition metal and the oxy anion, and describes the properties
that were examined for each phase. The final chapter (Chapter 6) concludes the research
along the lines of the low-dimensionality theme and offers some future works that can
expand on the studies already performed.
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CHAPTER TWO
EXPERIMENTAL METHODS
Introduction
Synthetic techniques in solid state chemistry have grown from the stereotypical
alchemic ―shake-and-bake‖ (ceramic) method to pushing the physical limits of reaction
equipment employing extreme and or exotic conditions.1 By employing non-traditional
environments in the synthetic process, new compositions may be reached and novel
materials exhibiting interesting properties may be discovered.

Traditional ceramic

methods typically employ high temperatures due to the high refractory nature of most
metal oxides (Table 2-1). To improve the kinetics of solid state reactions, either high
temperatures or other conditions are required. The essential issue that hampers the rate of
solid state reactions is that of solid state diffusion. The speed of diffusion of atoms
through a solid is significantly slower than that of diffusion seen in either liquids or
gasses and requires either high temperature or various reaction conditions to speed up the
process. Different methods to increase the diffusion through the solid state run the
gambit from the common to the extreme.

Straight forward methods utilized for

improving the surface area contact of the materials in the solids include forming pressed
pellets of the reactants and performing intermittent grinding steps, where the reactants are
reground after partial reaction and then replaced in the furnace for continued heating.
More unusual conditions can be reached by utilizing hydrothermal or solvothermal
methods where the diffusion of the reactants is assisted by the liquid phase. Beyond the
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more traditional variations, research has extended into the exotic employing flux, sol-gel,
extreme temperature and pressure hydrothermal, and microwave techniques.
Once a new material has been synthesized, for its import to be determined, full
characterization must be carried out. Owing to the fact that many physical and chemical
properties extend from the structural features of a compound, the structural analysis of a
material is the initial step in characterization. For crystalline materials, X-ray diffraction
is the preferred technique due to the fact that it provides precise investigation of atomic
positions within the crystalline lattice. Single crystal and/or powder X-ray diffraction
methods provide the basis for structural analysis of a new compound or comparison to a
known structure. Once structure is determined, the necessity for various physical and
chemical analyses can be predicted due to the correlation of structure and property.
Chapter 2 will focus on the reaction and characterization techniques employed in the
synthesis and analysis of the compounds listed in the following chapters.

Starting Materials
The goal of the projects discussed in this dissertation was the exploratory synthesis of
novel low-dimensional transition metal oxides. Table 2-1 lists the starting materials used
in the syntheses, along with the chemical formulas, formula weights, manufacturers,
purities, and melting or decomposition points, if available.
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Table 2-1. Starting materials used in reactions
Compounds

Chemical formulas Sources, purities

Lithium Nitrate

Li(NO3)

g/mole

Melting points
(°C)2

68.946

253

61.98

1275

77.98

460

Sodium Oxide

GFS Chemicals,
99.5%
Na2O (20% Na2O2) Alfa Aesar, 85%

Sodium Peroxide

Na2O2

Aldrich, 97%

Sodium Carbonate

Na2CO3

Alfa Aesar, 99.95% 105.99

851

Potassium Superoxide

KO2

Alfa Aesar, 96.5%

71.1

380

Potassium Carbonate

K2CO3

EM Science, 99%

138.2058 891

Rubidium Carbonate

Rb2CO3

Alfa Aesar, 99%

230.9448 740

Cesium Carbonate
Cs2CO3
Manganese (II) Oxide MnO
Manganese (III) Oxide Mn2O3

Alfa Aesar, 99.9%
Alfa Aesar, 99.5%
Aldrich, 99%

325.82
70.94
157.86

610
----1080 (dec., -O2-)

Manganese (IV) Oxide MnO2

Alfa Aesar, 99.9%

86.94

535 (dec., -O2-)

Germanium Oxide
Vanadium (II) Oxide
Vanadium (III) Oxide

GeO2
VO
V2O3

Alfa Aesar, 99.98% 104.6388 1115
Alfa Aesar, 99.9% 66.94
950
Alfa Aesar, 99.7% 149.88
1970

Vanadium (IV) Oxide

VO2

Alfa Aesar, 99%

82.94

1967

Vanadium Pentoxide

V2O5

Alfa Aesar, 99.6%

181.88

690

Cesium Metavanadate

CsVO3

Alfa Aesar, 99.9%

231.84

-----

Cesium Orthovanadate Cs3VO4

Alfa Aesar, 99.9%

513.65

-----

Rubidium Metavanadate RbVO3

Cerac, 99.5%

184.4075 -----

Phosphorous Pentoxide P4O10

Aldrich, 98%

141.94

580

Arsenic Pentoxide

Aldrich, 98%

229.84

315

As2O5
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Reaction Procedures
For solid state reactions, as stated before, the major issue is the slow solid state
diffusion. This process is sped up in the following reactions by employing either higher
temperatures or a molten flux that can be used as a high-temperature solvent that
―dissolves‖ (broadly define) the reactants to improve reactivity of the components, lower
reactions temperatures, and improve crystal growth. In this research, synthesis reactions
were run in either open air utilizing alumina or platinum crucibles or within sealed,
evacuated fused silica ampoules. The open air reactions included some reactants that
decomposed at relatively mild reaction conditions (<1000°C). The sealed tube reactions
were loaded together with various alkali metal halide salts within a nitrogen purged
drybox and evacuated on a vacuum line to approximately 10-4 Torr. The use of the
drybox is an important step due to a few factors that will be described in depth shortly.
For the open air reactions, typically high yield, single phase crystalline powders
suitable for powder X-ray diffraction analysis were the desired products. The reactants
were commercially available carbonates or high-oxidation-state oxides that produce the
corresponding oxides via decomposition products at relatively mild conditions
(<1000°C). For example, one decomposition reaction that produced the desired phase
very efficiently is that of the decomposition of MnO2 (Mn4+) to Mn2O3 (Mn3+). MnO2
releases one oxygen at approximately 535°C,2 reducing the manganese to 3+. This is
efficient due to the stability of Mn2O3, which does not decompose into Mn2+ until
approximately 1080°C. By employing this reaction in situ, the overall reactivity of the
system is increased. These kinds of decomposition reactions that take place within the
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confines of the total reaction amongst all the reactants can reduce some of the typical
difficulties listed above of reacting materials in the solid state. To further improve the
diffusion factor of the solids, the reactants were ground in an agate mortar under acetone
to increase the degree of mixing. These intimately mixed powders, once dry, were
loaded into crucibles (alumina and Pt were employed in this research) and heated in a box
furnace to temperatures above the decomposition point of the highest decomposing
reactant. The reactions were heated at a rate of 2 °C/min., held for between 12 hours and
3 days, and then furnace cooled to room temperature. Since large single crystals were not
the desired product, slow cooling is not required.

After cooling, the products are

removed from the crucible and ground for analysis. Here is where some impurity may
enter the system from an unexpected place – the crucible. In some situations when using
an alumina crucible, the material will become fused to the interior surface and the
alumina will break off with the product when removed from the vessel. This can be
easily seen in the powder X-ray diffraction pattern as an amorphous background. Using
the calculated powder pattern determined from the single crystal structure, the phase and
purity can be determined.
For the synthesis of sizable, single crystals suitable for single crystal X-ray diffraction
analysis, the reactants, ground together with the salts, were loaded into carbon-coated
fused silica ampoules and sealed under vacuum. Carbon coating was performed by
pyrolyzing acetone inside the tubes using the propane-oxygen torch. Approximately
0.5mL of acetone were added to and shaken inside of each tube. Slowly, the tube is
inserted into the flame to evaporate the acetone and begin pyrolysis. As soon as carbon
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black begins to be deposited on the interior of the tube, it is inverted to trap excess vapors
and rotated to coat approximately 1.5 to 2 inches in length of the tube. Once an even
coating is achieved via visual inspection, the ampoule is placed into a warm (<100°C)
drying oven to remove any free vapors from the tube.
After vacuum sealing, various heating programs were employed based on the
reactants, salt flux, and desired phase. The ampoules were wrapped in fiber glass matting
to isolate the reactions and insulate for homogeneous heating and placed into Lindberg /
Blue M box furnaces. The reaction temperatures were typically between 600 and 900°C
so that the reaction takes place at least 100 to 150°C above the melting point of the salt
flux.

At this point, the fact that the reactants were stored and measured in an

environment free of oxygen and moisture becomes exceedingly important.

If any

moisture were present inside of the sealed glass vessel at temperatures above 600°C, the
water would vaporize generating large pressures inside of the reaction ampoules. If
enough pressure is generated, the reaction vessels can rupture and possibly compromise
the reaction, any other reactions present in the same furnace, or the furnace itself. Also,
the presence of free oxygen in the reaction vessel can react with the carbon coating on the
inside of the ampoule to produce carbon mono/dioxide. The CO/CO2 atmosphere can act
as a reducing environment and can play a vital role in some synthetic processes, however,
just like with the vaporized water, too much of the gas can cause the reaction vessel to
rupture and result in the likely loss of the reaction. Secondly, the presence of moisture
and/or excess oxygen in the reaction vessel can alter the stoichiometry of the reaction
leading to lose of reproducibility stemming from non-reproducible conditions. These
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issues dictate the reasoning for the materials to be stored and measured inside the
nitrogen-purged drybox manufactured by MBraun.

All salts are dried inside of a

Lindberg / Blue M vacuum oven at 100°C before being pumped into the drybox.

Figure 2-1. Images of the a) furnaces used in the heating of reactions and b) MBraun
nitrogen-purged drybox used to store chemicals to be used in sealed tube reactions.
Antechambers used to transport materials in and out of the box are seen to the right,
behind the control panel, and the gloves used to access the interior of the box are seen
turned inside out on the front of the box.

a)
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b)

After reacting the materials for anywhere from 12 hours to 3 days, the reactions are
slow cooled, approximately 0.1°C per minute, to below the melting point of the flux.
This slow cooling step is the second possible and most typically recognized region for
crystal growth. The speed at which the reaction is cooled is believed to control the size
of the crystals formed due to controlling the speed of the deposition process of dissolved
reactant onto nucleation sites formed during the reaction process or as the supersaturated
solution begins to crash product out of solution. This process can also be assisted by the
choice of the salt flux. Different fluxes have different melting points and can expand the
window for crystallization.

If the reaction temperature is held constant, the

crystallization window of the cooling step can be expanded by using a salt flux with a
lower melting point. As can be seen in Table 2-2, the melting points of various alkali
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metal halides and their eutectic mixtures offer a wide range of reaction and crystallization
windows.

Table 2-2. Melting points and molar ratios of individual alkali metal halide salts and
eutectic mixtures thereof.3

Compounds
Sodium Chloride
Sodium Iodide
Potassium Chloride
Potassium Iodide
Rubidium Chloride
Rubidium Iodide
Cesium Chloride
Cesium Iodide

Chemical
formulas
NaCl
NaI
KCl
KI
RbCl
RbI
CsCl
CsI

Sources, purities
Alfa Aesar, 99.9%
Alfa Aesar, 99.9%
Alfa Aesar, 99.9%
Alfa Aesar, 99.9%
Alfa Aesar, 99.8%
Alfa Aesar, 99.8%
Alfa Aesar, 99.99%
Alfa Aesar, 99.9%

Mixtures
NaCl / CsCl
NaCl / NaI
NaI / CsI
NaCl / CsI
KCl / KI
KCl / RbCl
RbCl / RbI

Molar ratios
35 : 65
35 : 65
45 : 55
35 : 65
50 : 50
60 : 40
50 : 50

Melting points (°C)
493
575
435
497
598
750
555
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g/mole
58.44
149.894
74.5513
166.003
120.921
212.372
168.358
259.81

Melting points
(°C)
810
661
790
681
725
656
646
632

Once the reaction ampoules have cooled to room temperature, they were broken open
and the products were examined via optical microscope for visible crystalline products.
Once any phases had been visually identified, half of the product was washed and filtered
using distilled water and acetone to dry. The washed product was re-examined for the
previous phases and for any new phases that had been embedded in the salt-product
mixture. This process can reveal any water-soluble or water-reactive products that may
have been formed during the synthesis. This can be an important step if any of the phases
formed contain salt within their frameworks, as is the case with the salt-templated
compounds formed in the Hwu research group. In the cases of salt-templation, the ionic
lattice of the salt acts as a scaffold for the covalent framework to form around. This can
result in large open frameworks with the salt residing in the channels. In some cases, the
salt can be washed out of the framework leaving the intact covalent framework open and
available for intercalation with other species. One example is the compound CU-2,
A2M3(X2O7)2•(salt) [where A = K, Rb, Cs; M = Mn, Cu; X = P, As] which contains salt
within two distinct channels.4 When this compound is allowed to soak in an aqueous
solution, the salt is deintercalated and replaced with water or other salts, depending on the
solution.
Employing the ionic salt lattice as a template for the covalent lattice is just one
example of the functional use of the salt flux in the reaction. Beyond acting as a high
temperature solvent or lattice scaffold, the salt can also be a source of ions for the
reaction. In essence, the flux becomes a reactive participant in the reaction, not just a
bystander solvent. This occurs whenever the salt participates in a metathesis reaction

~ 41 ~

with one of the oxide reactants, typically the alkali metal oxide. This reaction within the
reaction not only possibly increases the overall reactivity of the system, but can also
create the availability of some reactants that are not commercially available. This process
is blatantly obvious during many synthetic reactions where early alkali metal oxides are
used in conjunction with late alkali metal halides. As can be seen by the following
example, a metathesis reaction can occur between the oxide and the halide, producing
double displacement products.
Na2O + CsCl ↔ ―Cs2O‖ + NaCl
This particular metathesis reaction takes into consideration the gain in stability due to
the difference in lattice energies of CsCl vs. NaCl. The drive of the reaction towards the
more stable NaCl produces the so-called unstable intermediate ―Cs2O‖ that can only be
produced in situ and used immediately. This gives access to the otherwise unattainable
―Cs2O‖ that is not commercially available. The same is true for ―Rb2O‖. The typical
commercially available sources of these particular alkali oxides are their carbonates and
nitrates which, within a sealed tube system, would result in compromised results due to
their volatile decomposition products. To increase the shift of the metathesis reaction
towards the products, salts with varying lattice energies can be employed to increase the
differences in energies. This can be done by employing mixed alkali chloride and alkali
iodide fluxes. By employing salts with a greater mismatch between the cation and anion,
the reaction is shifted towards more stable matching of the ion pairs, helping the
metathesis reaction proceed. Also, due to the decrease in melting point of the flux
achieved by mixing halides, a larger region of crystal growth can be achieved. Increasing
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the region where the flux is molten can extend the time where the reactants are ―in
solution‖, increasing the time for diffusion of the reactants. By improving diffusion,
many of the drawbacks to solid state syntheses can be overcome.

Characterization Techniques
Given the fact that many properties are directly related to structure, structural analysis
of each of the materials listed in the following chapters was essential. Various techniques
were employed to begin gaining a picture of each of the compounds from an atomic point
of view and property point of view. Initially, X-ray diffraction analysis, either using
single crystals or crystalline powder, was employed for the determination of atomic
structure and crystalline quality and purity of each compound. Physical properties were
theorized based on the structural analysis and experimentally determined using the
instrumentation detailed in the following paragraphs.
Single Crystal X-ray Diffraction. The first tool for any synthetic scientist that deals
with crystalline materials is the X-ray diffractometer.

Utilizing a single crystal

containing a 3D array of atoms, X-rays are diffracted by the planes of electron densities
of the atoms contained therein to produce a single crystal X-ray diffraction (SXRD)
pattern.

These diffraction patterns are unique to the particular atoms and their

arrangements in 3-dimesional space based on the scattering factor for each individual
atom. The scattering factor of each atom is dependent on the number of electrons for
each atom. Based on the intensities of the scattered X-rays, a map of the electron
densities within the various planes of the crystal (hkl planes) allows the scientist to
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determine the atomic positions and identities of the components of the crystal, giving
them one of the more powerful tools in determining the spacial arrangement of atoms in a
compound.
The process of using single crystal X-ray diffraction begins with the selection of single
crystals. Crystals are initially selected under an optical microscope by using a needle to
lift visually good quality crystals, preferably in the tens of millimeters large in all
dimensions, from the reaction mixture and placing them into a drop of oil on a
microscope slide. Visual ―good quality‖ is defined with a crystal as having sharp edges
and smooth faces with homogeneous color. The oil is used to help clean the single
crystal by breaking away any surface non-single crystalline debris and to help ensure that
only one single crystal is present. Twined growth of single crystals can make selection
difficult and may become a significant issue, depending on morphology.

Crystal

morphologies can be any number of shapes; most often closely visibly related to the
shape of the crystal lattice. For instance, often times when the crystalline lattice is
obviously layered forming a 2-dimensional lattice, the crystal morphology is visibly plate
or sheet-like, exhibiting greater growth in the two dimensions of the layer.
The final step of sample preparation of select single crystals of good visible quality is
the mounting of the crystals on glass fibers. To hold the crystals in the X-ray beam,
pulled glass fibers with diameters ideally smaller than that of the crystal are utilized. The
crystals are glued to the glass fibers using a two part, quick drying epoxy.

The

amorphous nature of the epoxy and the glass fiber adds the potential for background
noise in the diffraction pattern but does allow for the isolation of the single crystal and
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immobilization within the beam. The background contribution is typically negligible
unless the size of the crystal is considerably small in relation to the glass fiber and epoxy
or if the crystal itself is a poor diffractor. An example of the crystal being significantly
smaller than the fiber is in the case of needle-like crystals. For these, placement of the
crystal is very important. The majority of the crystal must be exposed above the glass
fiber and epoxy by placing the crystal either on end at the top of the fiber or, if long
enough, mounting to the side of the fiber and allowing it to rise above the tip. The glass
fiber is held within a tension pin filled with modeling clay. The tension pen allows for a
secure fit within the goniometer of the diffractometer.
The equipment employed was a computer-controlled Rigaku four-circle AFC8
diffractometer equipped with a Mercury CCD (Charge Coupled Device) area detector
(Figure 2-2). Data of an Ewald hemisphere up to a reciprocal resolution of (sinθ/λ)max =
0.69 Å-1 were taken at room temperature (~300 K) using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å) and measured over 4 to 12 hours by varying the duration of
exposure for each set of 480 images taken per crystal. Initial scans of the first four
images, images of ω angles ranging from 0 to 90° at steps of 30°, are employed to
determine a preliminary unit cell and to get a better idea of crystal quality. All images
were processed using the CrystalClear5 software manufactured by Rigaku. The structure
solutions were determined by direct methods using the SHELXTL-6.106 software package
manufactured by Bruker AXS. The initial unit cell determined using the CrystalClear
program was used for initial structural analysis within the SHELXTL program to generate
a preliminary structure. The calculated structure is refined against the data using a
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Fourier difference map to name new atoms and rename identified atoms until agreement
greater than 90 – 95% to the observed data is reached. The program PLATON

7

was

utilized to verify the chosen symmetry. Images of the crystal structures were generated
using the program Diamond 2.1a 8.

Figure 2-2. Rigaku Single Crystal X-ray Diffractometer with Mercury CCD area
detector used for all single crystal structure analysis.
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Powder X-ray Diffraction. In the cases where the products are crystalline powders
or where there is a need to determine the purity of a total product, powder X-ray
diffraction (PXRD) analysis is the tool of choice. PXRD averages the reflections of Xrays from the homogeneously ground powder to generate a fingerprint-like pattern of
reflections based on the spacing between planes of atoms within the crystalline lattices of
the materials in the powder. The spacing of the reflections can be compared against
calculated diffraction data generated from single crystal structures to examine purity of
the sample and the presence and identities of impurities. For sample preparation, the
material is gently ground into a homogenous powder and loaded into a shallow sample
holder. Gentle grinding is employed to prevent the destruction of the crystallinity of the
sample. To remove zero-shift, the material is leveled off using the flat face and straight
edge of a microscope slide. Once prepared, the samples were loaded into a SCINTAG
XDS 2000 θ/θ powder diffractometer (Figure 2-3) with multi-holder equipped with a
graphite monochromated Cu Kα radiation (λ = 1.5406 Å) X-ray source and a liquid N2cooled Ge detector. Samples were scanned from 2° 2θ to 65° 2θ with a step size between
0.01° and 0.02° 2θ with exposure times ranging from 0.1 to 2.0 seconds per step using the
provided program DMSNT 9. Diffraction pattern raw data were converted to commaseparated text files accessible by Microsoft Excel for plotting and visual comparison
purposes and GSAS file formats for cell refinement calculations. Unit cell and structural
refinement comparisons of the observed PXRD patterns to calculated single crystal
structures were performed using the GSAS/EXPGUI
patterns were formulated using the PCW23 11 program.
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10

program.

Calculated PXRD

Figure 2-3. Scintag Powder X-ray Diffractometer with multi-holder used in all
powder analysis.

~ 48 ~

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Analysis. Visible analysis of a material may be a preliminary technique to examine the
material; however, there are many microscopic features that cannot be observed using
visible wavelengths of light. To go beyond the visible, electron microscopy is utilized.
Using SEM, topology, morphology, and surface features of new materials may be
examined more closely.
It is always known what elements are placed into a reaction mixture; however, it is not
always obvious which are incorporated into the various reaction products. When this is
an issue that makes structural analysis difficult, Energy Dispersive X-ray (EDX) analysis
is utilized to analyze the atomic composition of the various products. EDX employs a
focused electron beam to force the emission of X-rays from the elements of each sample,
providing a quick semi-quantitative analysis of the sample.

The time-costly full

quantitative elemental analysis of single crystals is not necessary due to the ability to
identify the number of each atom using X-ray diffraction methods mentioned earlier.
This technique in these cases is purely to assist in distinguishing between elements that
have similar scattering factors. Each element releases X-rays of specific energy that the
detector differentiates to provide a qualitative picture of atomic composition. Samples
are prepared by placing the material onto a sample holder covered in carbon tape. The
carbon tape acts as a sticky substrate to hold the materials in place, a charge sink to help
reduce the effects of surface charging brought on by the impact of the electron beam, and
as a background standard. To standardize the qualitative analysis of the detector, a piece
of copper metal is also attached to the carbon tape on the sample holder.
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SEM and EDX analyses were both performed on a Hitachi S-3400 equipped with an
OXFORD EDX microprobe (Fig. 2-4). The samples were placed inside the analysis
chamber, placed under vacuum, and examined using a 20 kV electron beam at a working
distance between 10 and 15 mm.

Figure 2-4. Hitachi S-3400 Scanning Electron Microscope equipped with an EDX
detector for elemental analysis and mapping.
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UV/Vis Analysis. By utilizing light around and encompassing the visible spectrum
(~190nm – 2500nm), the electronic transitions of materials can be examined. This is
accomplished using a UV/vis spectrophotometer like the one pictured below (Figure 2-5).
This instrument utilizes two different light sources, first a deuterium lamp with emission
between 200 and 360nm and second a tungsten-halogen lamp with emission between 360
and 2500nm, to cover this portion of the electromagnetic spectrum and enables the
detailing of the ligand-to-metal charge transfer (LMCT) bands and d-d transitions of most
inorganic compounds. The adsorption spectra acquired from this information can allow
for the quantitative determination of the size of the bandgap in semiconducting and
insulating materials.
Of the two detector types this instrument can utilize, the integrating sphere with
barium sulfate standard is the detector of choice for solid samples. Barium sulfate is used
both as the standard by which to achieve a zero baseline and the base material to hold the
samples for analysis. Diffuse reflectance of the solid samples was collected over the
range of 190 – 2400nm (0.5 – 6.5 eV) and converted to adsorption as a function of eV.
The conversion of reflectance to absorbance was performed using the Kubelka-Munk
function α/S = (1-R)2/2R, where R is the reflectance at a given energy, α is the absorption
coefficient, and S is the scattering coefficient.12 Wavelength is converted to eV by
dividing 1239.85 by the wavelength (in nm) at each measurement.
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Figure 2-5. Image of the Shimadzu 3101PC UV/VIS/NIR spectrophotometer with
solid state reflectance attachment installed. The solid state reflectance attachment utilizes
barium sulfate as a standard, a base material for holding sample material, and the internal
lining around the internal detector.
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Magnetic Susceptibility. Magnetic susceptibility is the analysis of the behavior of a
material within a magnetic field as a function of other variables, including but not limited
to temperature and field strength. The sample is moved through a superconducting coil at
temperatures ranging from 2 to 400 K and DC-magnetic fields up to 5 Tesla. The weight
of the sample is analyzed as it passes through the coil. Depending on if the material
attracts or repels the flux from the field of the coil, the weight changes and provides
evidence for the material’s magnetic nature.
The susceptibility of the following compounds was measured on a Quantum Design
MPMS-5S SQuID (Superconducting Quantum Interference Device) magnetometer (Fig.
2-6). Samples of ground single crystals (amounts between 1.0 and 20 mg) were weighted
into an assembly of one and a half gelcaps (arranged to reduce the movement of sample
within the holder) and loaded into a two-straw sample holder. The straw is attached
using Kapton tape to the sample rod that lowers the sample into the evacuated chamber of
the magnetometer. Once temperature equilibrium has been reached, various analysis
programs may be run to gather data on the compounds behavior.
The first typical measurement made of each sample is that of zero-field cooling (ZFC)
versus field cooling (FC). This analysis is a measurement of susceptibility as a function
of temperature, with the added variable of a field being applied to the sample as the
sample is cooled from room temperature (~300 K) down to 2 K before the measurement
is taken. In ZFC, the sample is warmed from insertion temperature (~10 K) to 300 K and
then cooled down to the starting temperature of 2 K with zero applied field. Once the
material has reached the starting temperature, the desired field is applied and the material
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is monitored as it is allowed to warm under a controlled rate back to 300 K. In FC, the
sample is warmed from insertion temperature to 300 K where a small field, typically 100
Oe, is applied before the material is re-cooled. The field is maintained as the sample is
taken down to 2 K where the desired measurement field is then applied and held constant
as the material is allowed to warm under a controlled rate back to 300 K.

The

comparison of ZFC versus FC can reveal a number of properties of the material.
Initially, the measurements reveal the bulk susceptibility of the material, whether it be
antiferromagnetic, ferromagnetic, paramagnetic, or diamagnetic.

After this general

analysis, features of the measurement can reveal other transitions within the material and
behaviors such as magnetic frustration and superconductivity.

Specifically, if a

divergence of ZFC versus FC is seen, it can reveal a freezing of spin states, or magnetic
irreversibility, brought on by the applied field.
To examine the effect of the field, field-dependent studies were completed on
materials that showed possible field dependence from the previous temperaturedependent scans. In this case, the temperature was held constant somewhere in relation
to the magnetic anomaly observed in the temperature-dependent measurement and the
field was varied from 5 T in one direction to 5 T in the opposite direction. Sample
preparation and loading were performed the same as previously mentioned and often the
field-dependent scans can be run in secession with the previous measurements once the
temperature regions of interest have been determined. Typically to gain the greatest
detail at the points of interest, high density measurements are taken at lower temperature
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(below 50 K) for temperature-dependent scans and low fields (below 500 Oe) for fielddependent scans.

Figure 2-6. SQuID magnetometer used for all magnetic measurements.

a) The

computer controller is seen on the left and the loading port with sample rod inserted as
seen on the right and b) below in greater detail

a)
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b)

As can be seen, there are a myriad of techniques and methods one can utilize to
perform research in the area of solid state chemistry. A scientist is only limited by their
imagination (and budget) as to what they can accomplish. The ability to take reactions
into areas formerly unexplored is part of the excitement of being given the opportunity of
exploration. The synthetic methods and characterization techniques mentioned in this
chapter have lead to the discovery of new and known materials that will be discussed in
the following chapters. The synthesis of some materials is limited to specific reaction
conditions while others form readily across a range of synthetic options.

These

observations reveal the varying effects of the kinetic control a solid state chemist is able
to exert and how forgiving nature is in deviations to its course.
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CHAPTER THREE
SYNTHESIS AND CHARACTERIZATION OF RELATED SODIUM
MANGANESE GERMANATES CONTAINING LOW-DIMENSIONAL
TRIANGULAR LATTICES
Introduction
The reasoning for the exploration of confined magnetic nanostructures stems from the
growing interest in quantum magnetic materials for device applications, such as quantum
computing or information storage.1 Materials that exhibit ferro-/ferrimagnetic behavior
demonstrate the ability to maintain magnetization of their spins even once the applied
magnetic field is removed. This remnant magnetization is what is used to store electronic
data. Geometrical constraints are employed to facilitate generating desired magnetic
behaviors. Materials can be more likely to exhibit ferro-/ferrimagnetic behavior when the
magnetic ions are geometrically arranged in specific structural configurations that support
more parallel alignment of the spins.

This can include either local coordination

geometries of the ions, placing the magnetic spins in orbitals that limit the degree of
antiparallel interactions, or highly anisotropic magnetic lattice configurations, creating an
―easy axis‖ of magnetization which supports parallel alignment of spins. Some specific
geometric configurations can lead to what is known as spin frustration. It refers to the
idea that if nearest neighbor interactions are equal and antiparallel, it is possible that the
spin of one or more magnetic species can be in a state of flux due to conflicting
interactions from neighboring ions.2
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Figure 3-1. Diagrams of two possible frustration schemes in triangular lattices. The
lines represent the coupling (J) between magnetic ions at the corners of the triangles, the
arrows represent relative spin directions (+S or –S) and the question marks represent
frustrated direction of spins.
Figure 3-1 depicts two idealized cases of geometric magnetic frustration involving two
fused triangular species; depending on the local arrangement (distortion) of the triangular
units, complications in spin frustrations can occur.
Along with gaining anisotropy by limiting the dimensionality of the confined magnetic
species, the unit size of the magnetic domains are also decreased, thus increasing the
number of domains and bits for data storage per square inch of media. Ideally, the
ultimate goal of data storage is that of the single ion bit. However, one of the outstanding
obstacles to current technology is a size limit linked to the phenomenon known as
superparamagnetism.
Superparamagnetism refers to the behavior of magnetic particles when the size of the
particle becomes so small that the energy barrier between spin states is smaller than the
ambient thermal energy, even below the Curie or Néel temperature. This results in
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paramagnetic behavior below the magnetic ordering temperature.

To combat this,

researchers have examined how increases in anisotropy can reduce the occurrence of
superparamagnetism to maintain the magnetic ordering of the transition.3
In this study, we report the synthesis and characterization of a new solid that contains
pseudo-one-dimensional magnetic chains, i.e., Na3-x(Mn3-xGex)O2(Ge4O12), avg. x =
0.24(2) – 0.30(3). The structure exhibits a fused triangular magnetic lattice whereby
multiple magnetic transitions are evident. Also during this study, two other sodium
manganese germanates were formed, one being large single crystals of a known phase,
Na2(Mn0.26Na0.74)Mn5Ge6O20, and the other being very small crystals of a novel related
phase, Na2Mn5(Ge4O11)2, that contained low-dimensional manganese oxide lattices as
well. The known phase and the second new phase are related by the more slab-like
nature of their triangular lattices. The initial phase and second novel phase are related by
their ringed germanate subunits. Germanium was chosen for this research specifically for
its ability to adopt various coordination environments, allowing it to not only act as a
spacer between magnetic lattices, but also incorporate as a part of the metal oxide
structure interlinking the magnetic ions, forming confined magnetic nanostructures in
extended solids. The structural comparisons of all the phases follow.

Synthesis and Characterization of Na3-x(Mn3-xGex)O2(Ge4O12) Single Crystals
Synthesis. For the initial synthesis, Na2O (20% Na2O2, Alfa Aesar), MnO2 (99.9% Alfa
Aesar), and GeO2 (99.98% Alfa Aesar), in the molar ratio of 2 : 2 : 4, were ground
together with one molar equivalent of CsCl (99.9% Alfa Aesar). The extra equivalent of
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CsCl was added to copy the original reaction conditions for the synthesis of the
Na2Cu3(GeO3)4 phase.4 This technique was initially utilized in reactions that sought to
take advantage of a phenomena known as salt templation, where the ionic lattice of the
salt is used as a scaffold for the covalent oxide lattice.5 The salt can end up being wholly
incorporated into the final structure or only participate in the digesting of the reactants,
often contributing cations or anions to the final structure. The ground components (ca.
0.36 g) were then added to a three times, by weight, excess of CsCl for the flux, and
loaded into a carbon-coated fused silica ampoule, which was sealed by propane torch
under vacuum. The reaction was placed in a box furnace, heated to 800°C, and held there
for three days. It was then slow cooled (0.1°C/m) to 400°C, followed by furnace cooling
to room temperature.
Purple prismatic crystals (Fig. 3-2a) of the title compound (visual approx. yield 50%)
were isolated by vacuum filtration using distilled water to dissolve residual salt and
acetone to dry. Speculation of C-O gases production from the reduction of MnO2 and
possible oxidation of the carbon coating on the inside of the tube is due to the slight
explosive nature of the tube when tapped to open. The evidence for this gas production is
seen as a number of possible observations. First is the visible reduction in the amount of
carbon lining the inside of the tube as compared to when the materials were first loaded.
The carbon coating is examined prior to the reaction as being opaque to the eye, while
after the reaction, there are gaps in the coating showing the contents of the tube. The
second is the sound that the tube often makes when being opened – a loud pop and
physical shock felt as if popping a balloon (caution: one must be wearing safety goggles
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when opening glass ampoules). Purple needle byproducts (approximately 50% yield)
(Fig. 3-2b) were removed with sonication and identified as containing Cs, Mn, Ge, Si and
O, via EDX, however, single-crystal structural analysis via X-ray was not possible due to
the non-singularity of their growth. The needles are extremely flexible and the thickness
of a single needle is indeterminable due to the non-singularity of any samples retrieved
(Figure 3-3).

These features leave only electron diffraction methods for possible

structural analysis. Utilizing Tunneling Electron Microscopy (TEM), it may be possible
to determine some of the structural features, but this technique requires great skill in
being able to locate suitable areas of the crystal for analysis and interpret the diffraction
pattern generated.

a)

b)

Figure 3-2. a) Purple hexagonal prismatic crystals of the title compound isolated from
original reaction.

b) Purple needle secondary product isolated from around the

identifiable purple prism.
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Figure 3-3. a) SEM image of needle bundle and b) relative atomic ratios determined
through EDX elemental analysis.

Atom
O
Si
Mn
Ge
Cs

Weight %s
Scan 1
24.94
2.8
8.45
18.71
21.76

Scan 2
26.09
2.81
7.19
21.93
19.88
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Avg.
25.515
2.805
7.82
20.32
20.82

It should be noted that in single crystal attempts using stoichiometric mixtures of the
reactants containing either trivalent or tetravalent manganese oxides, results have been
only high yields of the unidentified purple needle product and the small orange prisms or
powder of Na2GeO3.
Attempts to increase the single-crystal yield of the title phase using mixed halide
fluxes resulted in mixed products. The most successful combination was that employing
a 50:50 molar ratio of CsCl and CsI as the three-fold salt flux to the same molar ratio of
reactants employing tetravalent MnO2. The yield of the title phase (Fig. 3-4a) was
approximately the same, but the crystal size was slightly larger and the secondary phases
were easily identified, consisting of the purple columns of the known compound
Na2(Mn0.26Na0.74)Mn5Ge6O20 (Fig. 3-4b and c)6 and the same orange prisms and powder
of Na2GeO3 observed in the previous reactions. Any attempts to shift the concentrations
of the Mn and Ge to achieve different compositions, possibly leading to a solid solution
series, only resulted in the previously stated unwanted secondary known and unknown
unidentifiable phases utilizing the reaction conditions available here. Other research into
various reaction conditions should be examined by future experimentalists interested in
this phase. Utilizing more extreme or non-conventional reaction conditions including
high-temperature, high-pressure hydrothermal techniques or solid-state microwave
techniques may prove effective in future studies.
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a)

b)

Figure 3-4. a) Larger (avg. approx. 0.3 mm x 0.2 mm x 0.2 mm) purple hexagonal
prismatic crystal of the title compound isolated from mixed iodide-chloride flux. b)
large purple columns (avg approx. 0.53 mm x 0.14 mm x 0.09 mm) of the known phase
Na2(Mn0.26Na0.74)Mn5Ge6O20 isolated from the mixed halide flux as the secondary
product. c) Perspective view of Na2(Mn0.26Na0.74)Mn5Ge6O20.
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Figure 3-5a shows the comparison of PXRD patterns of ground purple crystals to the
calculated

pattern

of

the

Na2(Mn0.25Na0.75)Mn5Ge6O20.

title

phase

and

the

calculated

pattern

of

Clearly, the calculated pattern from the single crystal

structure solution of Na3-x(Mn3-xGex)O2(Ge4O12) matches the primary phase observed in
the reaction mixture with minimal contributions from the secondary product. Figure 3-5b
shows the PXRD comparison of the known phase Na2(Mn0.25Na0.75)Mn5Ge6O20 to the
unidentified purple needles. It is obvious from the comparison of the powder pattern of
the purple needles to that of Na2(Mn0.25Na0.75)Mn5Ge6O20 that the phases are completely
different. This comparison proves that the small purple needles formed in the initial
single crystal reaction are not simply smaller, poorer quality crystals of the known phase
formed in the secondary single crystal reactions but another phase entirely. As was
discussed, the use of X-rays to determine the nature of this phase has proven
indeterminate.
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Figure 3-5a.

PXRD comparison of the calculated pattern of the title phase,

Na2.7(Mn2.7Ge0.3)O2(Ge4O12), from single crystal solution to the observed pattern of
ground purple crystals and of the calculated pattern of the secondary phase,
Na2(Mn0.25Na0.75)Mn5Ge6O20. Impurities are marked by a star (
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)

Figure 3-5b.

PXRD comparison of the purple needle crystals of the secondary

unidentified phase to the known third phase in the reaction, Na2(Mn0.26Na0.74)Mn5Ge6O20,
calculated from data from a single crystal from the reaction and from the .cif file in the
ICSD database.
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Na2Mn5(Ge4O11)2: a novel material containing a magnetic lattice in the gray area
between 1D and 2D
Introduction. During continued exploration and attempted derivation of the known
germanate phase, Na2Cu3(GeO3)44, another novel manganese germanate containing a
low-dimensional metal oxide lattice was formed, the Mn2+ phase Na2Mn5(Ge4O11)2. The
interest in the Cu2+ phase stemmed from the known phase’s molecular-like copper trimer
units arranged like rungs on a ladder with metagermanate chains as the sides (Fig. 3-6a).
Preliminary magnetic studies on the known copper phase show predominately
antiferromagnetic behavior above 50K as is expected with the observed Cu-O-Cu
connectivity according to the Goodenough-Kanamori rules.7 Below approximately 50 K,
weak ferromagnetic intertrimer interactions increase, making the observed theta (θ) value
less negative and bringing the calculated effective magnetic moment (μeff) value closer to
the calculated spin-only value for Cu2+ (Fig. 3-6b). The initial goal of the synthesis
reaction was to form the manganese phase of the known copper ladder phase to examine
how changes in the magnetic ion and, therefore, spin would affect the magnetic behavior.
Instead, a wholly novel manganese oxide phase was formed. The manganese phase is a
gap-filling compound that could present some insight into the magnetic worlds between
1D and 2D compounds.
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Figure 3-6. Views of a) the structure of the copper-ladder compound Na2Cu3(GeO4)3
showing the copper oxide trimer ―rungs‖ and the metagermanate chain sides and b) of the
magnetic susceptibility plots showing the antiferromagnetic and ferromagnetic
transitions.

a)

b)
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Much research is dedicated to 1D materials and 2D materials, separately; however,
what goes on in the transition from one to the next has not been truly explored. The
synthesis of compounds that exhibit low-dimensional magnetic features that can be
classified as between that of purely 1D or 2D can lead to a new class of compounds that
could reveal properties of the magnetic world between the two extremes.
Specifically speaking, the compound Na2Mn5(Ge4O11)2 appears to be a phase that
exists, dimensionally, between two extremes. The known compound that is on the 1D
end of the spectrum is NaMGe2O6; M = Mn, Fe (Fig. 3-7a)8. This compound contains a
1D chain of edge-sharing MO6 octahedra connected by corner-sharing chains of GeO4
tetrahedra. The Na+ cations reside inside of football-shaped channels between the chains.
To transform from NaMGe2O6 to Na2Mn5(Ge4O11)2, all that needs to occur is the
doubling of both the metal oxide chain and the germanium oxide chain.

The

countercations reside in a similarly shaped channel along the axis of the chains. This
kind of structural transition between levels of dimensionality could open a new world of
compounds that can be examined as the ―grey area‖ between dimensional systems.
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Figure 3-7. Comparative views of a) NaMGe2O6 and b) Na2Mn5(Ge4O11)2 showing
the conventional views along the channel and c-d) of the 1D MO6 chains, respectively.

a)

b)

c)

d)
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Synthesis and Characterization of Na2Mn5(Ge4O11)2 Single Crystals. Na2O (20%
Na2O2, Alfa Aesar), MnO (99.5%, Alfa Aesar), and GeO2 (99.98% Alfa Aesar) were
employed for the synthesis of single crystals of the title compound in the molar ratio of 1
: 3 : 4. The reactants (ca. 0.3483 g) were ground together in a N2 filed dry-box and added
to a three times, by weight, eutectic flux mixture of CsCl (99.9% Alfa Aesar) and NaCl
(99.9%, Alfa Aesar) in the molar ratio of 65 : 35 (ca. 0.85 g and 0.16 g, respectively).
This ground mixture was added to a six inch carbon coated quartz tube, sealed under
vacuum and placed in a box furnace. The reaction was heated to 650°C at a rate of 1
°C

/min., isothermed for three days, and slow cooled at a rate of 0.1

°C

/min. to 300°C, and

finally furnace cooled to room temperature, for a total reaction time of approximately six
days. Very small colorless columns (Fig. 3-8a) (approx. yield 80%) were isolated by
vacuum filtration using distilled water to dissolve the residual salt and acetone to dry. An
unidentified green impurity was impossible to separate out due to the small size of the
particles and the apparent growth of the title compound from the impurities surface (Fig.
3-9). Many clusters of colorless columns surrounded all of the impurity particles, giving
the overall material a pale green hue when examined without a microscope.
Attempts to synthesize a high yield powder have proven unsuccessful; however,
efforts to grow larger single crystals have been somewhat fruitful. In place of the allchloride flux, a mixed halide (iodide-chloride) flux was employed, resulting in an
increase in crystal dimensions. By placing the same molar ratio of reactants into a
eutectic flux mixture of CsCl (99.9% Alfa Aesar) and NaI (99.9% Alfa Aesar), colorless
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columns with approximately the same visible yield and green impurity, but with
increased single crystal physical dimensions were synthesized (Fig. 3-8b).

a)

b)
Figure 3-8. Views of single crystals of Na2Mn5(Ge4O11)2 grown from the use of a) a
eutectic mixture of CsCl and NaCl (an all-Cl flux) and b) a eutectic mixture of CsCl and
NaI (a mixed halide flux). It can easily be seen that the colorless columns are growing
off of the unidentified green impurity as if it were a feedstock for crystal growth.
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Figure 3-9. PXRD comparison of calculated versus observed diffraction patterns for
the total products from the synthesis reactions for Na2Mn5(Ge4O11)2. Impurities are
marked by a star (

)
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As can be seen in the PXRD comparison of the observed total product to the calculated
data from the single crystal structure solution, both patterns are complex. The desired
phase is observed within the experimental pattern; however, large unknown impurity
peaks are present and often overwhelm the peaks of the desired phase.
The reactions producing the title phase only do so when employing a eutectic flux
mixture of Cs and Na halide salts and a carbon-coated quartz tube. When either of the
salts is eliminated from the reaction or the reactants are loaded into an alumina insert
inside a larger diameter tube, the reaction products are significantly different.

The

synthesis of the known compounds from NaMnGe2O6 to Na4Mn11Ge8O40 (Fig.3-10a) are
observed when the alumina insert was employed or the analogous series from
Na2Fe6(Ge5.6Fe0.4)O20 to NaFeGe2O6 (Figs. 3-10b and 3-7a, respectively) is observed
when FeO was substituted for MnO.6,

8

When the salt is changed from the eutectic

mixture of Cs and Na halides to just Cs halide, the resulting product is the initial sodium
manganese germanate purple hexagonal crystals described first in this chapter.
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Figure 3-10. Views of the crystals of the alternate phases formed when reaction
conditions were altered away from the original. a) is the Na4Mn11Ge8O40 phase and b) is
the Na2Fe6(Ge5.6Fe0.4)O20 phase.

a)

b)
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Crystallographic Studies
Crystallographic Studies of Na3-x(Mn3-xGex)O2(Ge4O12). Single crystals (avg. size
0.3 mm x 0.2 mm x 0.2 mm) were selected under an optical microscope and mounted,
using epoxy, to the tip of individual pulled glass fibers for X-ray diffraction studies. The
structures were solved by direct method using the SHELEX-979 program and refined on
F2 by least-squares, full-matrix techniques. Crystal data for Na5.44(1)Mn5.44(1)Ge8.56(1)O28;
x = 0.28(1): monoclinic space group P21/c (No. 14), a = 5.218(1)Å, b = 10.668(2)Å, c =
10.769(2)Å, β = 95.76(3)°, V = 596.4(2)Å3, Z = 1 ρcalc = 4.157 g/cm3, Mo Kα (λ =
0.71073Å) radiation, 2.69o < 2θ < 25.03o, final R = 0.0211, Rw = 0.0219, GOF=1.005 (all
data), 115 parameters. Data were collected on a four-circle Rigaku AFC8 diffractometer
equipped with a Mercury CCD area detector. Atomic parameters, anisotropic thermal
parameters, and selected bond distances and angles are reported in Tables 3-1, 3-2, and 33, respectively.
The refinement of mixed occupancy of Ge(3) in the Mn(2) site was performed due to a
few factors involving the electron density of that particular site observed in the initial
refinement.

First, the thermal parameters of the site as purely manganese were

significantly smaller than the well-refined Mn(1). This indicated that the program was
attempting to correlate a much smaller sized atom to the observed site. Second, the bond
valence sum (Table 3-4) for Mn(1) is more than 3+, the formal charge of Mn based on the
initial composition of ―Na3Mn3O2(Ge4O12)‖. The bond distances are slightly shortened,
giving a value of approximately 3.33+. When Ge(3) is shared with the Mn(2) site, this
BVS makes sense due to the influence of the Ge-O octahedral bonds, which typically
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average 1.89Å.10 To refine the site, the atomic coordinates of Mn(2) were copied for
Ge(3) and the site occupancy was initially set to 50% for each element and allowed to
refine dependently.

The program refined the occupancy to 0.279(1) for Ge(3) and

reduced the anisotropic thermal parameters from 0.01630 / 0.01991 / 0.01844 to 0.00404
/ 0.00515 / 0.00507, values better matching the other two Ge atoms.

Also, the

improvement was seen in R values as a decrease from 0.0350 / 0.0358 to 0.0228 / 0.0235.
Following this refinement, the site occupancy of Na(2) was analyzed due to an
observable decrease in the isotropic thermal parameters, implying either a smaller atom
belongs at the site or the occupancy must be decreased. Since Na was the smallest
counter cation present in the reaction and EDX results show only the presence of Na
cations (Fig. 3-11), the occupancy parameter was allowed to refine along with the
occupancy factors of the mixed site. Once the program performed the initial independent
occupancy refinement, the occupancy necessary to generate charge balance was
determined based on the occupancies refined for the mixed Mn(2)/Ge(3) site and entered
into the Na(2) parameters. With this adjusted occupancy, the structure solution was
refined again and readjusted according to any changes that were produced in the
Mn(2)/Ge(3) site. This pattern was repeated until the structure solution stabilized. The
change in occupancies created charge balance within the structure as well as better
agreement of thermal parameters and a further reduction in R values to 0.0211 / 0.0218.
Multiple crystal structure solutions have provided a small range of occupancy values
for each of the three partially occupied atoms. The x value for the Ge(3) of the crystal
structure solution with the lowest R value is 0.28(1); other x values ranging between
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0.241(2) and 0.30(3) have been observed, however, the effect of the change on the overall
structure is within standard deviation of each. As seen in Table 3-4, the changes in cell
dimensions are near negligible, leading to the belief that a limiting factor exists in the
structural composition under the current synthetic conditions. Possible explanations for
this limit are detailed in the following sections.
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Figure 3-11.

Elemental mapping performed on the SEM equipped with an EDX

detector. The black and white picture is from the SEM, the blue picture represents the
Mn concentration, the yellow represents the Ge concentration and the gray represents the
Na concentration. The scale shown at the bottom of the SEM image is 600 μm.
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Table 3-1. Atomic coordinates for Na2.72(1)(Mn2.72(1)Ge0.28(1))O2(Ge4O12); x = 0.28(1).

Atom
Na(1)
Na(2)
Mn(1)
Mn(2)
Ge(1)
Ge(2)
Ge(3)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)

Table

Wyckoff
position
4e
2d
4e
2a
4e
4e
2a
4e
4e
4e
4e
4e
4e
4e

3-2.

sof
1
0.72(1)
1
0.72(1)
1
1
0.28(1)
1
1
1
1
1
1
1

Anisotropic

x

y

z

0.5634(3)
1/2
0.4754(1)
0
0.0295(1)
0.0951(1)
0
-0.1316(4)
0.1960(5)
0.3182(4)
0.3756(5)
0.1939(5)
-0.2847(4)
-0.0745(5)

0.7947(2)
1.0
0.4111(1)
1/2
0.9601(1)
0.7868(1)
1/2
0.6677(2)
0.8435(2)
0.5636(2)
0.7509(2)
0.9985(2)
0.9110(2)
0.9100(2)

0.8242(1)
1/2
0.3926(1)
1/2
0.3031(1)
0.5379(1)
1/2
0.5140(2)
0.3959(2)
0.4476(2)
0.6288(2)
0.1781(2)
0.2707(2)
0.5985(2)

displacement

parameters

(Å2)

Na2.72(1)(Mn2.72(1)Ge0.28(1))O2(Ge4O12); x = 0.28(1).

Atom
Na(1)
Na(2)
Mn(1)
Mn(2)
Ge(1)
Ge(2)
Ge(3)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)

U11
0.0222(8)
0.022(2)
0.0043(3)
0.0044(4)
0.0074(2)
0.0071(2)
0.0044(4)
0.005(1)
0.010(1)
0.005(1)
0.010(1)
0.012(1)
0.008(1)
0.013(1)

U 22
0.0188(8)
0.037(2)
0.0055(3)
0.0055(5)
0.0071(2)
0.0057(2)
0.0055(5)
0.007(1)
0.011(1)
0.007(1)
0.009(1)
0.011(1)
0.016(1)
0.011(1)

U 33
0.0140(7)
0.116(4)
0.0040(3)
0.0054(4)
0.0053(2)
0.0072(2)
0.0054(4)
0.012(1)
0.007(1)
0.007(1)
0.010(1)
0.013(1)
0.010(1)
0.020(1)
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U 12
0.0039(7)
-0.013(3)
0.0016(2)
0.0002(2)
-0.000(1)
-0.000(1)
0.0002(2)
0.000(1)
0.003(1)
0.002(1)
0.003(1)
0.001(1)
-0.003(1)
0.002(1)

U 13
-0.0053(6)
-0.032(3)
-0.0015(2)
0.0007(2)
0.0008(2)
0.0000(1)
0.0007(2)
0.0005(9)
0.0030(9)
-0.0002(9)
-0.0006(9)
0.007(1)
-0.002(9)
0.001(1)

U 23
-0.0089(6)
-0.012(2)
-0.0014(2)
-0.0006(2)
0.0004(1)
-0.0001(1)
-0.0006(2)
-0.0009(9)
0.0036(9)
-0.0001(9)
-0.001(1)
0.0026(9)
0.003(1)
-0.007(1)

for

Table

3-3.

Selected

distances

(Å)

and

bond

angles

(deg.)

Na2.72(1)(Mn2.72(1)Ge0.21(1))O2(Ge4O12).

(Mn(2)/Ge(3))O6
Mn(2) – O(1)
Mn(2) – O(1)b
Mn(2) – O(3)
Mn(2) – O(3)b
Mn(2) – O(5)c
Mn(2) – O(5)e

1.928(3)
1.928(3)
1.93(2)
1.93(2)
2.08(3)
2.08(3)

Mn(1)O6
Mn(1)-O(1)b
Mn(1)-O(3)
Mn(1)-O(3)a
Mn(1)-O(4)a
Mn(1)-O(5)d
Mn(1)-O(6)c

O(4)a – Mn(1) – O(5)d
O(4)a – Mn(1) – O(3)a
O(4)a – Mn(1) – O(1)b
O(4)a – Mn(1) – O(6)c
O(4)a – Mn(1) – O(3)
O(5)d – Mn(1) – O(3)a
O(5)d – Mn(1) – O(1)b

89.9(1)
92.08(9)
93.83(9)
93.9(1)
168.7(1)
82.07(9)
173.85(9)

2.30(2)
1.941(8)
1.95(3)
1.918(4)
2.16(2)
1.93(3)

O(5)d – Mn(1) – O(6)c
O(3)a – Mn(1) – O(1)b
O(3)a – Mn(1) – O(6)c
O(1)b – Mn(1) – O(6)c
O(3) – Mn(1) – O(3)a
O(3) – Mn(1) – O(5)d

92.1(1)
92.91(8)
171.61(9)
92.56(9)
80.11(9)
97.03(9)

Ge(1)O4
Ge(1) – O(2)
Ge(1) – O(5)
Ge(1) – O(6)
Ge(1) – O(7)f

1.77(2)
1.72(2)
1.72(1)
1.746(5)

O(3) – Mn(1) – O(6)c
O(3) – Mn(1) – O(1)b

94.77(9)
78.52(8)

O(3) – Mn(2) – O(3)b
O(3) – Mn(2) – O(1)

179.99(9)
91.16(9)

O(3) – Mn(2) – O(5)e
O(3) – Mn(2) – O(1)b
O(3) – Mn(2) – O(5)c
O(3)b – Mn(2) – O(1)
O(3)b – Mn(2) – O(5)e
O(3)b – Mn(2) – O(5)c
O(3)b – Mn(2) – O(1)b
O(1)b – Mn(2) – O(5)c
O(1)b – Mn(2) – O(1)
O(1)b – Mn(2) – O(5)e
O(5)c – Mn(2) – O(5)e
O(5)c – Mn(2) – O(1)
O(1) – Mn(2) – O(5)e

85.04(9)
88.84(9)
94.96(9)
88.84(9)
94.96(9)
85.04(9)
91.16(9)
93.73(9)
180.00(9)
86.27(9)
179.98(9)
86.27(9)
93.73(9)

Ge(2)O4
Ge(2) – O(1)
Ge(2) – O(2)
Ge(2) – O(4)
Ge(2) – O(7)

1.738(6)
1.77(1)
1.72(3)
1.75(1)

O(1) – Ge(2) – O(7)
O(1) – Ge(2) – O(4)
O(1) – Ge(2) – O(2)
O(2) – Ge(2) – O(4)
O(2) – Ge(2) – O(7)
O(4) – Ge(2) – O(7)

104.0(1)
116.7(1)
112.2(1)
104.9(1)
105.7(1)
112.9(1)

O(6) – Ge(1) – O(7)f
O(6) – Ge(1) – O(2)
O(6) – Ge(1) – O(5)
O(7)f – Ge(1) – O(2)
O(7)f – Ge(1) – O(5)

115.6(1)
107.7(1)
117.0(1)
100.8(1)
103.8(1)
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for

O(5) – Ge(1) – O(2)

110.8(1)

Mn(1) – Mn(1)a
Mn(1) – Mn(2)g
Mn(1) – Mn(2)b

2.982(6)
3.02(3)
2.99(3)

Mn(2)g – Mn(1) – Mn(1)a 59.90(1)
Mn(1)a – Mn(1) – Mn(2)b 60.61(1)
Mn(1)b – Mn(2) – Mn(1)j 59.49(1)

Mn(1) – O(3) – Mn(1)a
Mn(2) – O(1) – Mn(1)b
Mn(2)b – O(3) – Mn(1)
Mn(2)b – O(3) – Mn(1)a
Mn(2)i – O(5) – Mn(1)h

a-j

99.9(1)
89.70(8)
101.3(1)
101.9(1)
90.6(1)

Symmetry codes: a) 1-x, 1-y, 1-z; b) –x, 1-y, 1-z; c) –x, -0.5+y, 0.5-z; d) 1-x, -0.5+y,
0.5-z; e) x, 1.5-y, 0.5+z; f) –x, 2-y, 1-z; g) 1+x, y, z; h) 1-x, 0.5+y, 0.5-z; i) –x, 0.5+y,
0.5-z; j) -1+x, y, z;

~ 85 ~

Crystallographic Studies of Na2Mn5(Ge4O11)2. Single crystals (avg. size 0.1 mm x
0.01 mm x 0.01 mm) synthesized utilizing the original reaction conditions were selected
under an optical microscope were mounted on pulled glass fibers, using epoxy, for X-ray
diffraction studies. Slightly larger single crystal (avg. size 0.2 mm x 0.02 mm x 0.02
mm) isolated from the mixed halide flux were also mounted under an optical microscope
onto pulled glass fibers, using epoxy, for X-ray diffraction studies. The structures were
solved by direct method using the SHELEX-979 program and refined on F2 by leastsquares, full-matrix techniques.

Crystal data for Na2Mn5(Ge4O11)2 from all-Cl-

(NaCl/CsCl) flux: monoclinic space group P21/m

(no. 11), a = 6.963(1)Å , b =

7.202(1)Å, c = 9.752(2)Å, α = γ = 90°, β = 101.34(3)°, V = 479.4(2) Å3, Z = 1, ρcalc =
4.341 g/cm3, Mo Kα (λ = 0.71073Å) radiation, 2.13 < 2θ < 25.00, final R = 0.1052, Rw =
0.1235, GOF = 1.108 (all data), 102 parameters. Crystal data for Na2Mn5(Ge4O11)2 from
mixed-Cl-/I- flux (CsCl/NaI): monoclinic space group P21/m (no. 11), a = 6.938(1)Å , b
= 7.094(1)Å, c = 9.709(2)Å, α = γ = 90°, β = 101.79(3)°, V = 467.8(2) Å3, Z = 1, ρcalc =
4.449 g/cm3, Mo Kα (λ = 0.71073Å) radiation, 2.14 < 2θ < 24.98, final R = 0.1089, Rw =
0.1374, GOF = 2.094 (all data), 101 parameters. Data were collected on a four circle
Rigaku AFC8 diffractometer equipped with a Mercury CCD area detector. Atomic
parameters, anisotropic thermal parameters, and selected bond distances and angles for
the single crystal isolated from the all-Cl- halide flux are reported in Tables 3-4, 3-5, and
3-6 respectively. A side-by-side comparison of the single crystal data observed from the
two reactions is shown in Table 3-7.
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Table 3-4. Atomic coordinates for Na2Mn5(Ge4O11)2.

Atom
Na1
Ge1
Ge2
Ge3
Mn1
Mn2
O1
O2
O3
O4
O5
O6
O7
O8

Wyckoff
position
2e
2e
4f
2e
2e
4f
4f
2e
4f
4f
2e
2e
2e
2e

sof

x

1
1
1
1
1
0.75
1
1
1
1
1
1
1
1

0.379(2)
0.5206(5)
0.7134(4)
0.8730(6)
1.0103(8)
1.1934(7)
0.919(2)
0.639(3)
0.721(3)
0.519(3)
0.721(3)
0.287(4)
1.095(4)
0.865(4)

y

z

0.25
0.25
-0.0317(5)
0.25
0.25
-0.0186(7)
-0.007(3)
-0.25
0.064(3)
0.063(3)
0.25
0.25
0.25
0.25

0.056(1)
0.4197(4)
0.2386(3)
0.0389(4)
0.4920(5)
0.2788(5)
0.357(2)
0.190(3)
0.078(2)
0.297(2)
0.547(2)
0.446(3)
0.147(3)
-0.136(2)

Table 3-5. Anisotropic displacement parameters (Å2) for Na2Mn5(Ge4O11)2.
Atom
Na1
Ge1
Ge2
Ge3
Mn1
Mn2
O1
O2
O3
O4
O5
O6
O7
O8

U11
0.007(7)
0.007(2)
0.024(2)
0.013(2)
0.006(2)
0.011(2)
0.011(9)
0.002(1)
0.02(1)
0.02(1)
0.008(1)
0.006(1)
0.01(1)
0.02(1)

U 22
0.030(9)
0.015(2)
0.029(2)
0.032(2)
0.014(3)
0.010(3)
0.02(1)
0.02(1)
0.03(1)
0.05(1)
0.04(1)
0.05(2)
0.15(4)
0.02(1)

U 33
0.015(7)
0.015(2)
0.024(2)
0.008(2)
0.011(2)
0.019(2)
0.016(9)
0.02(1)
0.012(8)
0.02(1)
0.001(1)
0.02(1)
0.005(1)
0.01(1)
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U 12
0.00000
0.00000
0.005(1)
0.00000
0.00000
-0.004(2)
-0.012(8)
0.00000
-0.001(8)
0.006(1)
0.00000
0.00000
0.00000
0.00000

U 13
0.009(5)
0.005(1)
0.004(1)
0.003(1)
0.002(2)
0.001(2)
0.004(7)
-0.007(1)
-0.007(7)
-0.001(8)
0.003(9)
0.00(1)
-0.003(1)
0.005(1)

U 23
0.00000
0.00000
-0.003(1)
0.00000
0.00000
0.001(2)
-0.004(8)
0.00000
-0.004(8)
0.02(1)
0.00000
0.00000
0.00000
0.00000

Table 3-6. Selected distances (Å) and bond angles (deg.) for Na2Mn5(Ge4O11)2.
MnO6
Mn(1) – O(1)
Mn(1) – O(1)b
Mn(1) – O(1)c

2.28(2)
2.28(2)
2.27(2)

Mn(1) – O(1)d
Mn(1) – O(5)
Mn(1) – O(6)a

2.27(8)
2.18(3)
2.06(3)

Mn(2) – O(1)
Mn(2) – O(4)a
Mn(2) – O(5)e

2.19(3)
2.31(2)
2.37(2)

Mn(2) – O(6)a
Mn(2) – O(7)
Mn(2) – O(8)f

2.53(2)
2.35(2)
2.16(1)

O(5) – Mn(1) – O(6)a
O(5) – Mn(1) – O(1)d
O(5) – Mn(1) – O(1)
O(5) – Mn(1) – O(1)b
O(5) – Mn(1) – O(1)c
O(6)a – Mn(1) – O(1)
O(6)a – Mn(1) – O(1)d

178(1)
86.2(4)
88.6(4)
88.6(4)
86.2(4)
92.4(4)
92.7(4)

O(6)a – Mn(1) – O(1)c
O(6)a – Mn(1) – O(1)b
O(1)b – Mn(1) – O(1)d
O(1)b – Mn(1) – O(1)c
O(1)b – Mn(1) – O(1)
O(1)d – Mn(1) – O(1)
O(1)d – Mn(1) – O(1)c
O(1)c – Mn(1) – O(1)

92.7(4)
92.4(4)
173.7(7)
75.4(7)
108.2(7)
75.4(7)
100.6(7)
173.6(7)

O(1) – Mn(2) – O(4)a
O(1) – Mn(2) – O(5)e
O(1) – Mn(2) – O(8)f
O(1) – Mn(2) – O(7)
O(1) – Mn(2) – O(6)a
O(4)a – Mn(2) – O(5)e
O(4)a – Mn(2) – O(8)f

150.4(7)
83.7(5)
100.8(5)
88.8(5)
82.9(5)
91.0(5)
107.7(5)

O(4)a – Mn(2) – O(6)a
O(4)a – Mn(2) – O(7)
O(5)e – Mn(2) – O(7)
O(5)e – Mn(2) – O(6)a
O(5)e – Mn(2) – O(8)f
O(7) – Mn(2) – O(8)f
O(7) – Mn(2) – O(6)a
O(6)a – Mn(2) – O(8)f

68.4(5)
90.5(5)
167.5(2)
94.5(2)
84.7(2)
106.6(2)
74.5(1)
176.0(2)

GeO4
Ge(1) - O(4)b
Ge(1) - O(4)
Ge(1) - O(5)
Ge(1) - O(6)

1.79(2)
1.79(2)
1.67(4)
1.69(3)

Ge(2) - O(1)
Ge(2) - O(2)
Ge(2) - O(3)
Ge(2) - O(4)

1.67(3)
1.69(1)
1.72(2)
1.71(3)

Ge(3) - O(3)
Ge(3) - O(3)b
Ge(3) - O(7)
Ge(3) - O(8)

1.79(2)
1.79(2)
1.69(4)
1.69(2)

O(5) – Ge(1) – O(6)
O(5) – Ge(1) – O(4)b
O(5) – Ge(1) – O(4)

124(1)
112.8(6)
112.8(6)

O(6) – Ge(1) – O(4)
O(6) – Ge(1) – O(4)b
O(4)b – Ge(1) – O(4)

102.7(7)
102.7(7)
97.1(9)
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O(1) – Ge(2) – O(2)
O(1) – Ge(2) – O(3)
O(1) – Ge(2) – O(4)

117.9(6)
114.5(8)
110.6(8)

O(2) – Ge(2) – O(3)
O(2) – Ge(2) – O(4)
O(3) – Ge(2) – O(4)

100.3(7)
104.2(7)
108.3(9)

O(7) – Ge(3) – O(8)
O(7) – Ge(3) – O(3)
O(7) – Ge(3) – O(3)b

118(1)
111.9(6)
111.9(6)

O(8) – Ge(3) – O(3)
O(8) – Ge(3) – O(3)b
O(3)b – Ge(3) – O(3)

107.9(5)
107.9(5)
96.7(9)

Ge(1)b – Ge(2)
Ge(2) – Ge(2)g
Ge(2) – Ge(3)

3.16(2)
3.15(5)
3.16(2)

Mn(1) – Mn(1)e
Mn(1) – Mn(2)
Mn(1) – Mn(2)b
Mn(2) – Mn(2)b

3.609(1)
3.28(2)
3.28(2)
3.869(7)

Mn(1) – Mn(2)c
Mn(1) – Mn(2)d
Mn(2) – Mn(2)g

3.32(3)
3.32(3)
3.333(7)

Mn(1)h – O(6) – Mn(2)h
Mn(1)h – O(6) – Mn(2)i
Mn(1) – O(1) – Mn(2)
Mn(1)b – O(1) – Mn(2)
Mn(2)h – O(6) – Mn(2)i
Mn(2) – O(7) – Mn(2)b

90.4(1)
90.4(1)
93.9(6)
93.9(6)
99.7(2)
110.9(2)

Ge(1) – O(4) – Ge(2)
Ge(2) – O(2) – Ge(2)g
Ge(2) – O(3) – Ge(3)
Ge(3) – O(3) – Ge(3)b

128(1)
136.3(2)
128(0)
128(0)

Mn(1) – Mn(2) – Mn(2)b
Mn(2)b – Mn(1) – Mn(2)
Mn(2)b – Mn(2) – Mn(1)

53.8(1)
72.4(1)
53.8(1)

Mn(1) – O(5) – Mn(2)d
93.5(1)
Mn(2)d – O(5) – Mn(2)c
89.3(2)
Mn(1)d – Mn(2) – Mn(2)g 59.8(1)
Mn(2)c – O(5) – Mn(1)
93.5(1)
c
d
d
Mn(2) – Mn(1) – Mn(2) 60.2(1)
Mn(1) – O(1) – Mn(2)
95.9(6)
Mn(2)g – Mn(2) – Mn(1)e 59.8(1)
Mn(2)j – O(8) – Mn(2)k
101.1(2)
e
Mn(2) – O(1) – Mn(1)
95.9(6)
a-l
Symmetry codes: a) 1+x, y, z; b) x, 0.5-y, z; c) 2-x, 0.5+y, 1-z; d) 2-x, -y, 1-z; e) 2-x, 0.5+y, 1-z; f) 2-x, -0.5+y, -z; g) x, -0.5-y, z; h) -1+x, y, z; i) -1+x, 0.5-y, z; j) 2-x, -y, -z;
k) 2-x, 0.5+y, -z.
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Table 3-7. Comparison of crystal structure solutions for Na2Mn5(Ge4O11)2 grown via
different salt fluxes.
Na2Mn5Ge8O22 from
Cl-only flux

Na2Mn5Ge8O22 from
Cl-I mixed flux

Colorless / column

Colorless / column

0.1 x 0.01 x 0.01

0.2 x 0.02 x 0.02

Formula Weight (amu)

1253.56

1253.56

Space Group / Z

P21/m / 1

P21/m / 1

T, K

298

298

a, Å

6.963(1)

6.938(1)

b, Å

7.202(1)

7.094(1)

c, Å

9.752(2)

9.710(2)

α, degree

90

90

β, degree

101.34(3)

101.79(3)

γ, degree

90

90

479.5(2)

467.8(2)

15.660

16.051

579

579

4.341

4.449

923 / 0 / 102

895 / 0 / 101

3878 / 923 / 0.0826

4014 / 895 / 0.0925

Final R1 / wR2 [I > 2σ(I)]

0.1046 / 0.2381

0.1089 / 0.3043

R1 / wR2 (all data)

0.1228 / 0.2484

0.1374 / 0.3285

1.105

2.094

0.0004(10)

-----

2.085 / -2.251

4.375 / -3.508

Empirical Formula
Color / Shape
Average Crystal Size (mm)

V, Å3
μ (Mo Kα), mm-1
F000
dcalc, g cm-3
Data / Restraints /
Parameters
reflections collected /
unique / Rint

GOF
Extinction Coefficient
Largest Difference Peak /
Hole (e- / Å3)
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Magnetic susceptibility of Na3-x(Mn3-xGex)O2(Ge4O12). Temperature and fielddependent measurements were performed on a Quantum Design SQUID MPMS-5S
magnetometer using ground powder of selected single crystals (6.3 mg) placed in a gel
capsule (Fig. 3-12). The initial temperature-dependent studies were performed over 2-300
K in applied fields of H = 0.01, 0.1, and 0.5T with field- and zero field-cooling at 0.01
and 0.5T. The magnetic susceptibility was corrected for the contribution of the gel
capsule and for the core diamagnetism using Pascal’s constants.11 Field-dependent
measurements were performed with H up to 5 Tesla on the same powder sample at 2, 4,
14, and 24 K.
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Figure 3-12. PXRD comparison of the analyzed SQUID sample to the two phases
included in the reaction mixture. Impurities are marked by a star (
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)

Results and Discussion
Na3-x(Mn3-xGex)O2(Ge4O12)
Crystal Structure. Initially, small purple prismatic crystals (average crystal
dimensions of 0.27 mm  0.30 mm  0.38 mm) were isolated from a high-temperature
flux reaction employing molten CsCl salt and used for elemental analysis and single
crystal x-ray diffraction measurements. On analysis, the monoclinic crystal structure of
Na3-x(Mn3-xGex)O2(Ge4O12); x = 0.28(1) was elucidated. As can be calculated from the
formula, the oxidation state of the Mn is 3+. This is reduced from the starting oxidation
state of 4+ in the MnO2 reactant. This reduction of Mn4+ to Mn3+ was anticipated due to
the decomposition temperature of MnO2 being lower than the reaction temperature.
MnO2 looses one oxygen atom at 535°C, reducing the oxidation state of the manganese.
This reaction is believed to be assisted by the carbon coating on the inside of the reaction
tube. It is speculated that carbon-assisted reduction/decomposition of MnO2 produces CO gas, acting like a reducing agent within the reaction vessel. Under these current
conditions, other various compositions containing a wider range of Ge mixed into the Mn
site have been elusive. Structural analysis of several crystals from multiple reactions has
resulted in little variation on the occupancy of Ge within the Mn site. To date, the
occupancy has been documented to range from 0.24(1) to 0.30(3); however, these values
appear to be very close to within the range of the standard deviation of the title
occupancy value of 0.28(1) and there is very little differentiation in the unit cell
parameters, as seen in Table 3-8. A possible reasoning for the lack of a solid solution
range of Ge occupancy could be due to the corresponding tolerance in occupancy
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changes for the Na counter cation. As the occupancy of the Ge changes, so must the
amount of Na to maintain charge balance. It is possible that the occupancy for the Na
cation has reached a lower limit, in terms of lattice energy, that maintains the chain and
channel structure. Therefore, a particular amount of Na may be required to prevent
oxidation of Mn3+ to Mn4+ within the mixed site and maintain the current structure. It is
also possible that the change in lattice energy upon the removal of more Na is such that
the formation of more thermodynamically stable phases occurs. As x approaches zero,
Na cations are removed from between the germanate rings which could reduce the lattice
energy maintaining the structure. If these issues prove to be the case, then this compound
goes from being one possible piece of a larger solid solution series to a point compound
with very specific lattice requirements.

As stated in the Experimental section, any

changes to the original synthesis, beyond the addition of CsI to the flux, did not result in
any of the desired phase being formed, eliminating the ability to produce the proof of
composition by stoichiometric synthesis.
Subsequent analysis of the structure details revealed some interesting low-dimensional
features

with

respect

to

the

formation

of

a

pseudo-one-dimensional

manganese/germanium oxide chain. As shown by the perspective view of the unit cell
structure in Fig. 3-13, the framework contains parallel chains of manganese/germanium
oxide octahedra well separated from each other by germanate rings . Also, the structure
exhibits channels, where the fully occupied Na+ cation, Na(1), resides. It is noted that the
partially occupied Na site, Na(2), is found in the center of the unit cell between
germanate ring units stacking along the a axis, as seen in Fig. 3-14b.

~ 94 ~

Table 3-8. Cell parameter comparison for observed x values 0.24(1), 0.28(1) and 0.30(3)
Empirical Formula
x

Na2.7(Mn2.7(1)Ge0.30(1))O2(Ge4O12) Na2.76(Mn2.76(1)Ge0.24(1))O2(Ge4O12) Na2.72(Mn2.72(1)Ge0.28(1))O2(Ge4O12)
0.30(3)

0.24(1)

0.28(1)

Color / Shape

Purple / hexagonal

Purple / hexagonal

Purple / hexagonal

Average Crystal Size
(mm)

0.38 × 0.30 × 0.27

0.38 × 0.30 × 0.27

0.38 × 0.30 × 0.27

746.62

746.94

746.73

P21/c (no. 14) / 2

P21/c (no. 14) / 2

P21/c (no. 14) / 2

T, K

298

298

298

a, Å

5.212(1)

5.218(1)

5.218(1)

b, Å

10.659(2)

10.664(2)

10.668(2)

c, Å

10.754(2)

10.765(2)

10.769(2)

α, degree

90

90

90

β, degree

95.79(3)

95.81(3)

95.76(3)

γ, degree

90

90

90

594.4(2)

596.0(2)

596.4(2)

13.679

13.643

13.633

694

694

694

4.171

4.161

4.164

1046 / 6 / 113

1050 / 0 / 114

1052 / 0 / 115

Formula Weight (amu)
Space Group / Z

V, Å3
μ (Mo Kα), mm-1
F000
dcalc, g cm-3
Data / Restraints / Param.
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reflections collected /
unique / Rint

4701 / 1046 / 0.0393

4891 / 1050 / 0.0434

4927 / 1052 / 0.0272

Final R1 / wR2 [I > 2σ(I)]

0.0398 / 0.1022

0.0243 / 0.0608

0.0211 / 0.0603

R1 / wR2 (all data)

0.0442 / 0.1083

0.0265 / 0.0622

0.0219 / 0.0609

GOF

1.087

1.134

1.005

Extinction Coefficient

-----

-----

0.0022(8)

1.591 / -1.326

0.882 / -0.0780

0.0809 / -0.0726

Largest Difference Peak /
Hole (e- / Å3)
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Figure 3-13. Perspective view along the a-axis, parallel to the chains and channels
containing half of the Na.
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a)

b)
Figure 3-14. Views of the two major structural features. Seen are a) the chains of
equilateral triangles (highlighted in red) created by edge-sharing (through O(3)) MnO6
octahedral dimers edge-shared, again (through O(1) and O(3)), with (Mn1-xGex)O6
octahedra and b) the stacked, isolated [Ge4O12]8- rings (tetrahedra highlighted) that
corner share to the chains (through O(1), O(4), O(5), and O(6) and are separated by
the partially occupied second Na cation site. The GeO4 tetrahedra are corner-shared
within the rings through O(2) and O(7).

Dark blue represents Mn, light blue

represents the mixed Mn/Ge, gold represents Ge, and gray represents Na.
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The two major building units observed in the extended structure are stacked, isolated
[Ge4O12]8- rings and parallel pseudo-one-dimensional μ3-oxo [MnIII3-xGeIVxO10] chains
(Fig. 3-14). The germanium atoms in the rings are in a tetrahedral environment, in
contrast to the octahedrally coordinated germanium Ge(3) in the chains. This mixture of
tetrahedral and octahedral (CN = 4 and 6, respectively) coordination environments for
germanium is one of the features of this closed-shell oxyanion that, as stated above, drew
us to use it in this line of research seeking low-dimensional magnetic features separated
or interrupted by closed-shell, or non-magnetic linkers.
The germanium in the [Ge4O12]8- meta-germanate ring exhibits typical bond distances
and angles for 4-coordination.10 As compared to other known germanates exhibiting
tetrahedral coordination, typical Ge-O bond length ranges from 1.73 to 1.75 Å. Unique
O(2) and O(7) connect the tetrahedra into the ring structure, while shared O(1), O(4),
O(5), and O(6) connect the rings to the chains. This ring is one of many structural
building units in which germanium oxides have been known to exist. Similar to silicates,
germanates display many variations in the building units they form, including but not
limited to various meta-chains, rings, and clusters, as described in Chapter 1 of this
dissertation.
The μ3-oxo [MnIII3-xGeIVxO10] chains are comprised of nearly equilateral triangles
formed from edge-sharing MnO6 octahedral dimers, linked through cis-edges, to mixed
manganese-germanium oxide octahedra. The MnO6 octahedra in the dimers, linked
through two O(3), are symmetry related and exhibit typical bond distances and angles for
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Mn3+ (Table 3-3). The two axial oxygen, O(1) and O(5), connect to the single mixed
Mn1-xGex site along with the germanium oxide ring. Two of the equatorial oxygen, O(4)
and O(6), connect to two separate [Ge4O12]8- units, while the other two equatorial oxygen,
both O(3), form the shared edge between Mn(1)O6 dimers and half of the shared edge
between Mn(1) and the mixed Mn-Ge octahedra.
The pseudo-equilateral nature of the triangles can easily be seen by the angles and
distances between the metal centers at the corners. The Mn–Mn–Mn angles are very
close to 60° (59.49(1)o~60.61(1)o) and the distances between the metal centers are close
to the same values (2.982(6), 2.99(3), and 3.02(3)Å). This slight deviation from ideal
triangular nature intuitively lends itself to complicating the magnetic behavior of the
material, independent of other structural factors, by facilitating geometric magnetic
frustration. To extend these triangular units along the chain, they can be paired in two
distinct scenarios, which can have drastic effects on the magnetic interactions within the
chain. One can consider them part of either a 4-metal unit or a 5-metal unit of fused
double triangles, as described in Figure 3-1.

These triangular units can, therefore,

participate in multiple frustrated setups, gaining anisotropic ordering along the chain as
the units are extended. However, the inclusion of the germanium in this motif interrupts
some of this long-range ordering by inserting non-magnetic Ge4+ cations in a disordered
fashion. Whereas superexchange interactions can exist through the p orbitals of oxygen
shared by two magnetic ions, weaker super-superexchange (SSE) interactions can occur
through the bonding orbitals of a non-magnetic spacer species. In this case, the SSE
coupling occurs through the orbital pathway of oxygen-germanium-oxygen bonding
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orbitals where germanium is substituted for the manganese at the mixed octahedral site.
Otherwise, the exchange would be a typical superexchange pathway from one manganese
to the next simply through the overlap of the d-orbitals of each manganese with the lobes
of the p-orbitals of the same oxygen, as seen in Figure 1-3.
At the center of each equilateral Mn3 triangle is a 3-coordinate (μ3-oxo) oxygen with
Mn−O−Mn bond angles greater than 90° (99.9(1), 101.3(1), and 101.9(1)).

This

environment suggests the possibility of both superexchange and frustration through those
metal-oxygen-metal bonds.
Na2Mn5(Ge4O11)2
Crystal Structure.

Small colorless columns growing off of green chunks were

isolated from a molten salt flux and used for single crystal and powder x-ray diffraction
analyses. The use of a mixed Cl- / I- flux generated slightly larger single crystals;
however, the crystals were still clustered on the green chunks as in the all-Cl- flux.
Crystals broken off of the green chunks were used in single crystal analyses. From these
single crystals, the monoclinic structure of Na2Mn5(Ge4O11)2 was determined.
As seen in Fig. 3-15, the structure is built of two subunits that, together, generate an
open framework that contains sodium cations. The two subunits are the manganese oxide
slab and the chain of germanate rings.
The manganese oxide slab is made of MnO6 octahedra edge-shared to form a threewide slab. This feature is larger than a simple 1D chain, but has termination in the
germanate rings that prevents it from becoming 2D (Fig. 3-16). The idea that this
magnetic lattice is between the realms of the 1D and 2D makes it an interesting
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compound for study of that ―gray‖ area of magnetism. Initially, examining the slab alone
(Fig. 3-15b), the triangular arrangement of the magnetic ions stands out as a possible
interesting magnetic feature; however, when half of the M-M-M angles and M-M
distances are examined, those triangles are not equilateral. This eliminates the possibility
for an ideally frustrated lattice, as seen in the Kagomé compounds in Chapter 5,
AMn3O2(Ge2O7). What does get generated are some M-O-M bond angles close to 90°
which have the potential to produce ferromagnetic behavior along magnetic exchange
pathways between Mn(1) and Mn(2). The other half of the ▲M-M-M triangles are much
closer to being equilateral.
interactions.

This adds another layer to complicate the magnetic

Where equilateral triangles of magnetic ions exist, the potential for

geometric magnetic frustration does also. Having both frustrated features and potential
ferromagnetic features makes the magnetic nature of this material interesting to examine
yet obviously very complicated.
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Figure 3-15. View of a) the unit cell along the direction of the channels, along with
the subunits of b) the manganese oxide slab and c) the linked germanate rings along the
directions of propagation.

a)

b)

c)
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Figure 3-16. View of the linkage between subunit chains from above the plane. The
arrows indicate directions of crystalline propagation.
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Magnetic Properties of Na3-x(Mn3-xGex)O2(Ge4O12). The antiferromagnetic bonding
model predicted through a superexchange pathway is supported by the preliminary
magnetic susceptibility, shown in Figure 3-17. Temperature susceptibility measurements
have shown the onset of antiferromagnetic behavior at approximately 33K as seen in the

T vs. Temperature plot (Fig. 3-18), followed by a reduction in slope of the magnetic
susceptibility at approximately 24K suggesting a spin rearrangement to another state.
Another deviation occurs at approximately 7K, but the nature of this phenomenon is not
fully understood.

This field-dependent transition is possibly due to some possible

structural shifting giving rise to a secondary spin state to be discussed below, the onset of
frustrated degenerate ground states or the small presence of impurity from one of the
other two purple crystalline phases observed in the reaction product. To fully understand
the nature of the magnetic phenomena, including the actual spin states and degree of spin
orderings, neutron studies are required.
There is no divergence of the ZFC from the FC (Fig. 3-19), suggesting that there is no
freezing of spin states or spin glass behavior at low temperature, even though a small
hysteresis is observed in the field dependent studies (Fig. 3-20). Also, as seen in Fig. 3-8,
there is no effect of changing field on the initial antiferromagnetic transition at 33 K, but
there is an obvious suppression of the event at 7K, suggesting a field-dependent transition
at low temperature or the presence of a magnetic impurity in the form of trace amounts of
one of the previously mentioned impurity phases in the reaction mixture.
Field-dependent magnetization below the transition at 33 K shows remnant
magnetization at 2 K and a curved hysteresis up to approximately 14 K, whereas above
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24 K, the field dependence is linear. This further supports the hypothesis of a spin
rearrangement below the initial antiferromagnetic transition because the curved nature
and remnant magnetization suggests uncompensated spins giving rise to a significant
coercive field of magnetization reversal.
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Figure 3-17. Field-cooled temperature-dependent magnetic susceptibility data for the
title phase at 100, 1000 and 5000 Oe. Large Insert) Closer examination of the region
below 40K. Inner Insert) Closer examination showing the field-dependent nature of
the transition around 6K.
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Figure 3-18. T vs. Temperature magnetic susceptibility plot.
temperature region around transitions below 40K.
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Figure 3-19. Comparison of the field-cooling (FC) and zero field-cooling temperaturedependent magnetic susceptibility plots at 100 Oe showing the absence of divergence
between the two plots.

Insert) shows close up of region below 40K for better

examination of transitions.
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Figure 3-20. Top) Field-dependent magnetic susceptibility data at 2, 4, 14 and 24K, from
-50,000 Oe to 50,000 Oe. Bottom) All temperatures have been removed except for the
2K data to allow for a clearer view of the hysteresis curve seen at that temperature Insert)
Field Dependent at 2K 6:38:19 PM 7/17/2010

Closer examination of the region between 200 and -200 Oe, showing small the coercive
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Fitting the high-temperature (from 150 K to 300 K), high field (5000 Oe) inverse chi
versus temperature (-1 vs. T) data with a Curie-Weiss fit gives us a theta value of 40.7(4) K and an experimental μ value of 5.601(6) μB (Fig. 3-21). The negative theta
value tells us that the high-temperature state is indeed antiferromagnetic comparable with
the transition temperature TN at ~33K. The observed μ value is, although higher than the
calculated spin-only value of 4.90 μB, comparable with the spin plus orbital contributions
value of 5.48 μB for d4 Mn3+ within the standard deviation, suggesting that the
interactions involve more than just spin contributions. Given the significant tetragonal
distortion of the MnO6 octahedra, the strengths of the magnetic interactions along all six
directions will be affected and could lead to complications of the couplings.

The

tetragonal distortion does not add any orbital contributions, but could affect the spin
distribution in orbitals and, therefore, orbital degeneracy and magnetization effects from
said spins. Also, if a small magnetic impurity is present, this could contribute to the
deviation in the observed μ value as well. Additionally, the possibility of long-range
inter-chain coupling through the non-magnetic germanate rings could give rise to
additional impacts to the magnetization, affecting the μ value. This inter-chain coupling,
as well as intra-chain coupling, could be calculated by future Density Functional Theory
(DFT) calculations on the possible spin states within the compound.
Complicating the understanding of the magnetic phenomena, besides the
aforementioned frustration, is the disorder of the shared manganese-germanium site. The
presence of the closed-shell germanium oxyanion breaks up the frustration that is
otherwise induced by manganese with unpaired electrons at that site and also degrades
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any significant long-range ordering along the chain due to its magnetically insulating
closed shell. The absence of a supercell from X-ray analysis suggests that the magnetic
pieces within the chain are statistically disordered in length, eliminating any ability to
create a correlation of size of magnetic unit to magnetic response. This doesn’t eliminate
the possibilities of some diminished intra-chain coupling through the non-magnetic
germanate, but does present an interruption in the homogeneous magnetic coupling
within the chain.
Further studies utilizing aligned single crystals and heat capacity measurements to
study the strong magnetoanisotropy suggested by the one-dimensional nature of the
chains and to determine the nature of the transition at low temperature (approximately
7K) would be informative to future experimentalists examining this compound.
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Figure 3-21. Curie-Weiss fitting of the high temperature portion from the field-cooled
data with an applied field during the scan of 5000 Oe. m1 is the Curie constant (C), m2
is the theta value (θ), and the R value is the goodness of fit for the calculation.
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Conclusion
To conclude, two novel sodium manganese germanates exhibiting low-dimensional
magnetic lattices have been synthesized utilizing high-temperature molten salts. Na3x(Mn3-xGex)O2(Ge4O12)

possibly represents a new addition to the series of controlled-

range ordered low-dimensional geometrically frustrated compounds.17

The term

―controlled-range‖ ordering refers to the potential to control the sizes of the portions of
the magnetic manganese oxide chain between the non-magnetic germanate species.
Ideally, if one had control over the amount of germanate dopant into the chain, one could
generate magnetic domain sizes from isolated manganese oxide dimers (x = 1) to infinite
chains (x = 0). The determination of whether the title compound is either a point
compound with very specific lattice conditions or a small piece of a larger solid solution
series is the factor in examining this particular compound for this ―controlled‖ ability;
however, this possibility opens the door to examine other compounds with much looser
restraints on their compositions for the same concept. Na2Mn5(Ge4O11)2 exists in the
realm between 1D and 2D magnetic lattices. Compounds that persist in the gray area
between these two extremes are the stepping stones to understanding the transition from
one level of dimensionality to the other.
As seen in the examination of the magnetic susceptibility of Na3-x(Mn3xGex)O2(Ge4O12),

complicated temperature-dependent and field-dependent magnetism

arise owing to the structure. As is expected with frustrated systems, the Curie-Weiss fit
of the high temperature portion of the magnetic susceptibility data shows
antiferromagnetic behavior. Until the temperature becomes low enough that the thermal
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energy cannot dominate the interactions, the behavior simply deviates from pure
paramagnetic behavior due to the antiferromagnetic interactions of the spins.

The

dominance of this interaction is seen at the first transition temperature, around 33 K.
Below this antiferromagnetic transition, another temperature- and field-dependent
phenomenon takes over leading to a probable ferrimagnetic state, evidenced by the sshaped curvature in the field-dependent measurements and the remnant field, which is
small but obvious at 2 K. Some field-dependent suppression in the transition around 7 K
is observable in the magnetic susceptibility plots as the applied field is increased. This
field-dependent suppression suggests that the spin interactions at low temperature are
weaker than the interactions observed at higher temperatures and that they are most likely
next-nearest neighbor interactions, secondary magnetic couplings along the chain or
between chains.
The varying dimensionalities of these phases makes the potential to study the spectrum
of effects on the magnetic behavior of low-dimensional features in these families very
interesting. It could be possible to examine the magnetic response of each of these
phases as they transition from the smallest of frustrated species (single triangular unit) to
single chains of frustrated units to double and triple chains forming isolated 1D slabs. It
may be possible to expand the fundamental understanding of the production of bulk
magnetism as a function of the anisotropic and frustrated effects of the crystalline
structures.
Further studies collaborating with experts in the field of neutron scattering and neutron
diffraction to examine the magnetic structure of the current compounds and possible
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future compositions could reveal a great deal of insight into the nature of each of the
observed transitions. Examination of the true role of the germanate within the magnetic
chain of Na3-x(Mn3-xGex)O2(Ge4O12) could assist in predictions for other compositions
and drive the research with this compound toward one end of the spectrum in relation to
the amount of germanium that is desirable to effect different magnetic behaviors. As the
role of the germanium is further explored and the ability to control the amount of dopant
into the chain is optimized, greater understanding of geometrically frustrated lowdimensional systems can be achieved. Further exploration of these systems could lead to
more compounds that may be utilized to increase the insight into the effects of reducing
dimensionality to essentially a small molecular size and the behavior of non-magnetic
spacers at that concentration within highly correlating magnetic species. To enhance
these observations, once measureable amounts of pure Na2Mn5(Ge4O11)2 can be
synthesized, magnetic measurements of the dimensionally-intermediate phase can be
added to the understanding of the observed effects of changing dimensionality on
magnetic properties.

Also, observations of the effects on the geometric magnetic

frustration as the scale is both reduced to the smallest size capable of exhibiting
frustration (essentially single triangular units) and expanded to the limit of a onedimensional frustrated chain should offer some valuable information concerning the
behavior of those species as they are either further and further isolated or confined in one
dimension.
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CHAPTER FOUR
SYNTHESIS AND CHARACTERIZATION OF A NEW LAYERED
VANADIUM(IV) PHOSPHATE, AV2O3(PO4): where A = Rb, Cs,
CONTAINING VANADIUM OXIDE CHAINS MADE OF [V2O8]8- DIMER UNITS
Introduction
The oxidation state and coordination environment of the magnetic ions in a compound
play important roles in the corresponding properties. Based on the orbitals in which the
unpaired spins reside and, therefore, the number of net spins, the magnetic properties can
be greatly affected. This can be seen by examination of crystal field splitting diagrams
(Figure 4-1) showing how the same number of spins in different environments can result
in different numbers of unpaired spins producing varied magnetic properties. Hence, it
became evident that having a magnetic ion that is relatively redox active could be a
beneficial component in a magnetic material.
This particular study is a change of pace from the germanate research mentioned in the
other chapters of this dissertation. Whereas the other compounds researched focused on
the major effects generated by the isolating effects of the non-magnetic species, this vein
of the research has focused on the coordination effects of the magnetic ion itself.
Vanadium has the potential for multiple coordination environments, just like germanium,
with the addition of variable oxidation states and valence d orbitals.
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Figure 4-1. Diagrams showing crystal field splitting for coordination environments
relevant to the vanadium cation employed in this study. From left to right, we begin
with no crystal field, followed by the splitting from trigonal bipyramidal field,
tetrahedral field, square pyramidal field, and octahedral field.1
The variety of environments and oxidation states that vanadium can participate in
makes it an attractive species to examine for the potential for interesting structural
features along with varied magnetic responses. Vanadates are seen in tetrahedral, square
pyramidal, trigonal bipyramidal and octahedral coordination environments with oxidation
states varying from 2+ to 5+. These varied coordination environments lead to a myriad
of substructure building units from isolated ions to large polyoxometalate clusters.2
These varied building units for vanadates are seen in a number of novel compounds
that are on the forefront of being studied for advanced materials in the fields of catalysis,
ion batteries, and magnetic materials.

Some examples of these compounds are

Li5VO(PO4)23, Li3V2(PO4)34, Cs2[Ti(VO2)3(PO4)3]5, and (salt) • Cs2.64(V5O9)(AsO4)26 to
name a few. Specifically looking at the last compound listed, the salt-inclusion vanadate
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arsenate, it is easily seen how the vanadate square pyramids link to form cluster building
units that form the covalent open framework. It is these building units that surround the
included salt lattice to form the very large (~2nm) channels. Structures like this are
sought after for their potential use in applications such as but not limited to catalysis and
ion or hydrogen storage due to their structural rigidity and potential for redox behavior.
In this study, another vanadate phosphate isostructural to the known KV2O4(PO4)7 was
synthesized in addition to the title compound. CsV2O4(PO4) was synthesized during
attempts to utilize the reducing atmosphere of the reaction container to synthesize the
reduced AV2O3(PO4) title phases and will be detailed in comparison to the structure of
the title compound. The utility of this structure lies in the open channels containing the
cations and the orthogonal 1D chains of corner-sharing vanadium oxide square pyramids
available for reduction.
Within this chapter, we report the synthesis and characterization of the novel
vanadium phosphate AV2O3(PO4), where A = Rb and Cs. This new phase exhibits
cation-separated layers of phosphate-isolated 1D chains of vanadate square pyramids.
Two other related vanadate phases that were synthesized in conjunction with the title
phases are also detailed below.

The fully oxidized CsV2O4(PO4) phase that is

isostructural to the known KV2O4(PO4) phase and the [V10O28]6- cluster8 embedded in a
disordered salt matrix were added to the product distributions as reaction conditions were
altered to reduce unwanted impurities and increase crystal growth of the title phases. It
was observed that the 4+ phase transitions to the fully oxidized phase when heated in air.
As can be seen from the structural comparisons, this transition is completely plausible
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due the flexibility of the vanadate coordinations. These materials synthesized in this
study represent the variety of building units that vanadium can generate, exemplifying the
very reason why vanadium was chosen for the study to begin with.

Synthesis and Characterization of AV2O3(PO4); A = Rb, Cs
Synthesis. The initial single crystal synthesis for the Cs-containing phase employed
Na2O (20% Na2O2, Alfa Aesar), VO2 (Alfa Aesar, 99%), and P4O10 (Aldrich, 98%) in a
stoichiometric molar ratio of 2 : 8 : 1. The reactants were ground together with a three
times, by weight, excess of CsCl (Alfa Aesar, 99.9%) in a N2 filled dry-box and then
added to a six inch carbon-coated fused-silica tube. The reaction mixture (ca. 0.356 g
plus 1.07 g salt flux) was then sealed under vacuum and placed in a box furnace.
Following a heating program totaling approximately six days and twelve hours, the
reaction was heated to 300°C at a rate of 0.5 °C/min. The reaction was isothermed there for
eight hours, followed by heating to 650°C at a rate of 1

°C

/min., where it was isothermed

for another seventy-two hours. Finally, the reaction was allowed to cool to 300°C at a
rate of 0.1

°C

/min., followed by furnace cooling to room temperature. Small green plates

(Fig.4-2a) of the Cs phase (yield approx. 90%) were isolated by vacuum filtration using
distilled water to dissolve the residual salt and acetone to dry the sample.

Black

unidentified powder by-product was removed from the surface of the crystals using
ultrasonication.
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Figure 4-2. Green plate single crystals of CsV2O3(PO4).
measurement scale and b) image of overall product.

a)

b)
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a) Single crystal with

The single crystal synthesis of the Rb derivative followed that of the Cs phase,
employing Na2O (20% Na2O2, Alfa Aesar), VO2 (Alfa Aesar, 99%), and P4O10 (Aldrich,
98%) in the molar ratio of 2 : 8 : 1. The reactants were ground together with a three
times, by weight, excess of RbCl (Alfa Aesar, 99.9%) in a N2 filled dry-box and then
transferred to a six-inch, carbon-coated fused silica ampoule. The reaction mixture (ca.
0.2695 g plus 0.8085 g salt flux) was then sealed under vacuum and placed in a box
furnace. The reaction was run following the same heating procedure as the Cs phase.
Large green plates (Fig.4-3a) of the Rb phase (yield approx. 85%) were isolated by
vacuum filtration using distilled water to dissolve the residual salt and acetone to dry the
sample. Black unidentified powder by-product was removed from the surface of the
crystals using ultrasonication.
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Figure 4-3. a) Large green plate single crystal of RbV2O3(PO4) mounted on pulled
glass fiber for Single Crystal X-ray Diffraction analysis and b) large single crystals with
unidentified black powder impurity.

a)

b)
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High yield powder syntheses of the two phases was performed using CsVO3 (Alfa
Aesar, 99.9%) / RbVO3 (Alfa Aesar, 99.9%), V2O3 (Alfa Aesar, 99.7%), and P4O10
(Aldrich, 98%) in the molar ratio of 4 : 2 : 1. The reactants (ca. 0.3777 g for Cs, 0.3303 g
for Rb) were ground together and loaded into a clean six-inch fused-silica ampoule inside
of a nitrogen-filled dry-box and sealed under vacuum. The sealed tubes were placed in a
box furnace and heated to 700°C at 1

°C

/min., isothermed for twelve hours and furnace

cooled to room temperature. Fine green powder (approx. 90% yield) with a small amount
of black impurity was retrieved from both reactions.
In an initial attempt to remove the black impurity observed in the high yield powder
syntheses, the material was reground and reheated following the same heating program
above but both in an open-air crucible and a sealed tube for comparison. The regrind and
reheat in open-air resulted in the orange crystalline material described below in the
section concerning the known phase AV2O4(PO4), while regrinding and reheating within
a sealed tube produced a slightly more impure sample of the original green V4+ phase.
Powder X-ray diffraction analysis of the products (Fig.4-4) compares well to calculated
powder patterns generated from single crystal structure solutions and to observed patterns
from ground single crystal. However, due to the increase in impurity peaks observed in
the reheated samples, the additional reactions on the powder samples were proven to be
ineffective at improving the purities.

~ 128 ~

Figure 4-4.

PXRD patterns of a) CsV2O3(PO4) and b) RbV2O3(PO4) high-yield

powder syntheses showing comparisons to calculated patterns derived from single crystal
structure solutions and observed regrind-reheat reactions in both sealed tubes and openair crucibles. Impurities are marked by a star (

)

a)
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b)
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In further attempts to eliminate the black impurity from the initial reactions, different
formulations and heating programs were utilized. Shifts in the molar equivalents to
higher amounts of VO2 (up to 15 molar equivalents) affected product distributions
between the title 4+ phases and the secondary fully oxidized 5+ phase, AV2O4(PO4),
producing smaller, lower yields of the green 4+ phase and more of the red-orange 5+
phase, up to an approximate distribution of 50% of each phase. The product distribution
was also changed by extending the time the reaction was held at the maximum
temperature. The same reactants and molar equivalents were utilized and the resulting
products included the original green and black phases as well as a third phase in
approximately 30% yield. This third phase consisted of thin yellow plates with an
elongated hexagonal morphology (Figure 4-5). Based on single crystal X-ray diffraction
measurements, the material has been identified to contain [V10O28]6- clusters embedded in
a disordered salt matrix. Details of the determined structure are discussed in the sections
following.

Figure 4-5. Small yellow hexagonal plates of [V10O28]6- cluster phase.
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In an attempt to capitalize on the reducing environment of an evacuated carbon-coated
ampoule to produce higher yields, a reaction employing V2O5 (Alfa Aesar, 99.6%), P4O10
(Aldrich, 98%), and excess CsCl (Alfa Aesar, 99.9%) was processed. Though V2O5 does
not decompose until 1750°C, producing VO2 and O2, the aim was to use the reducing
environment produced by the carbon coating within the reaction vessel at high
temperatures to promote decomposition at a lower temperature. The reactants in the N2filled drybox were ground together in an 8 : 1 ratio with a three-fold excess by weight of
the salt (ca. 0.2174g plus 0.6522g salt), loaded into carbon-coated fused-silica tubes, and
evacuated on the vacuum line. After sealing under vacuum, the reactions were loaded
into a box furnace and heated to 700°C at a rate of 2 °C/min.. The reaction was isothermed
for 2 days and slow cooled to 300°C at a rate of 0.1 °C/min., followed by furnace cooling to
room temperature. This reaction did not produce the desired V4+ phase, however, it did
form the Cs derivative of a known vanadium(V) phosphate – KV2O4(PO4). The reaction
produced approximately 50% yield of the red-orange columns identified as the 5+ phase
mixed with green and red microcrystalline products (Fig. 4-6).
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Figure 4-6. View of a crystal of CsV2O4(PO4) synthesized via high temperature
sealed tube method.

After reading the reported experimental procedures, an open-air synthetic attempt
utilizing a Pt crucible was made to try and increase the yield of the new Cs and Rb
phases. Cs2CO3 (99.9%, Alfa Aesar) and Rb2CO3 (99%, Alfa Aesar), respectively, and
(NH4)2HPO4 (99%, Aldrich) in a molar ratio of 1 : 2 were ground together under acetone
and loaded into a Pt crucible. The reaction mixture was targeted at forming the APO3
precursor. To achieve this, the mixture was isothermed well above the decomposition
point of (NH4)2HPO4 (decomp. at 155°C) at 400°C for 2 hours.

The resulting white

powder was ground together with either 2 molar equivalents of VO2 (99%, Alfa Aesar) or
1 molar equivalent, with respect to V, of V2O5 (99.6%, Alfa Aesar) after cooling, placed
back in the Pt crucible and isothermed at 525°C for 12 hours. The resulting products
were red, completely crystalline materials covering the entire bottom of the crucible.
PXRD analysis shows good matching between the as-synthesized material and the
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calculated pattern of the fully-oxidized AV2O4(PO4) phase with minimal impurity
contributions (Figure 4-7).
Figure 4-7. PXRD comparison of a) RbV2O4(PO4) and b) CsV2O4(PO4) synthesized
in a Pt crucible to the calculated patterns of AV2O4(PO4) from single crystal structure
solutions. The patterns labeled with ―-V4-‖ utilized VO2 as the vanadate source; patterns
labeled with ―-V5-― utilized V2O5 as a vanadate source. Some shift in the peak positions
is due to the computational program not being able to estimate changes in the unit cell
dimensions based on the larger cation.
a)
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b)
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A detailed discussion of the structure of the new CsV2O4(PO4), as compared to the
known KV2O4(PO4) as well as a structural comparison to the title phase will be detailed
below.
Crystallographic Studies
Crystallographic studies. Single crystals of the title phases and the fully oxidized
phases were selected under an optical microscope and mounted, using epoxy, to
individual glass fibers for X-ray diffraction studies. Data were collected on a four circle
Rigaku AFC8 diffractometer equipped with a Mercury CCD area detector.

The

structures were solved by direct method using the SHELEX-97 program9 and refined on
F2 by least-squares, full-matrix techniques. Crystal data for CsV2O3(PO4): triclinic space
group P-1 (No. 2), a = 6.029(1)Å, b = 8.017(2)Å, c = 8.072(2)Å, α = 66.89(3)°, β =
85.85(3)°, γ = 78.72(3)°,V = 351.9(1) Å3, Z = 2, ρcalc = 3.565 g/cm3, Mo Kα (λ =
0.71073Å) radiation, 2.74o < 2θ < 25o, final R = 0.0367, Rw = 0.0403, GOF=1.049 (all
data), 100 parameters. Atomic coordinates, anisotropic thermal parameters, and selected
bond distances and angles for the Cs phase are reported in Tables 4-1, 4-2, and 4-3
respectively. Crystal data for RbV2O3(PO4): triclinic space group P-1 (No. 2), a =
6.031(1)Å, b = 7.894(2)Å, c = 7.841(2)Å, α = 64.75(3)°, β = 85.47(3)°, γ = 79.26(3)°, V
= 331.7(1)Å3, Z = 2, ρcalc = 3.307 g/cm3, Mo Kα (λ = 0.71073Å) radiation, 2.87o < 2θ <
24.98o, final R = 0.0400, Rw = 0.0455, GOF=1.024 (all data), 100 parameters. Atomic
coordinates, anisotropic thermal parameters, and selected bond distances and angles for
the Rb phase are reported in Tables 4-4, 4-5, and 4-6 respectively. Crystal data for
CsV2O4(PO4): triclinic space group P-1 (no. 2), a = 4.826(1))Å , b = 13.866(3)Å, c =
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22.722(5)Å, α = 72.22(3) °, β = 89.57(3)°, γ = 88.62(3)°, V = 1447.5(5) Å3, Z = 6, ρcalc =
2.710 g/cm3, Mo Kα (λ = 0.71073Å) radiation, 1.88 < 2θ < 25.00, final R = 0.0760, Rw =
0.1642, GOF = 1.061 (all data), 433 parameters. Atomic coordinates, anisotropic thermal
parameters, and selected bond distances and angles are reported in Tables 4-7, 4-8, and 49 respectively.

Crystal data for [V10O28]6- cluster in disordered (NaCl)/(RbCl):

monoclinic space group P2/n (no. 13), a = 10.873(2)Å , b = 11.049(2)Å, c = 13.920(3)Å,
β = 92.50(3)°, V = 1670.7(6) Å3, Z = 2, ρcalc = 2.818 g/cm3, Mo Kα (λ = 0.71073Å)
radiation, 1.84 < 2θ < 25.00, final R = 0.1155, Rw = 0.2933, GOF = 1.875 (all data), 233
parameters.

Selected atomic coordinates, anisotropic thermal parameters, and bond

distances and angles of the vanadate cluster are reported in Tables 4-10, 4-11, and 4-12
respectively.
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Table 4-1. Atomic coordinates for CsV2O3(PO4).
Atom
V(1)
V(2)
P
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
Cs

Wyckoff
position
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i

x

y

z

0.3210(1)
-0.3854(1)
-0.0829(2)
0.5644(7)
0.4027(8)
-0.4422(8)
-0.3152(6)
0.0593(7)
0.0288(7)
-0.1318(7)
0.14663(7)

-0.0189(1)
0.5680(1)
0.2973(2)
-0.1700(5)
-0.0386(6)
0.4563(6)
0.4020(5)
0.4427(5)
0.1601(6)
0.2018(6)
0.23336(6)

0.1397(1)
0.1305(1)
-0.0487(2)
0.0608(6)
0.3317(7)
0.3343(6)
-0.0057(6)
-0.1551(6)
0.1280(6)
-0.1681(6)
0.49443(5)

Table 4-2. Anisotropic displacement parameters (Å2) for CsV2O3(PO4).
Atom
V(1)
V(2)
P
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
Cs

U11
0.0092(5)
0.0082(5)
0.0056(7)
0.011(2)
0.026(2)
0.024(2)
0.006(2)
0.013(2)
0.012(2)
0.015(2)
0.0282(3)

U 22
0.0109(5)
0.0090(5)
0.0114(6)
0.012(2)
0.026(2)
0.026(2)
0.018(2)
0.012(2)
0.019(2)
0.022(2)
0.0326(3)

U 33
0.0182(5)
0.0176(5)
0.0222(8)
0.031(2)
0.030(3)
0.021(2)
0.029(2)
0.025(2)
0.023(2)
0.028(2)
0.0264(3)
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U 12
0.0019(4)
0.0014(4)
0.0007(5)
-0.000(2)
0.005(2)
-0.007(2)
0.004(2)
-0.003(2)
0.003(2)
-0.005(2)
0.0054(2)

U 13
-0.0010(4)
-0.0005(4)
0.0015(6)
0.003(2)
-0.011(2)
0.004(2)
-0.002(2)
-0.002(2)
0.003(2)
0.008(2)
0.002(2)

U 23
-0.0077(4)
-0.0068(4)
-0.0091(6)
-0.011(2)
-0.016(2)
-0.006(2)
-0.016(2)
-0.006(2)
-0.005(2)
-0.018(2)
-0.0092(2)

Table 4-3. Selected distances (Å) and bond angles (deg.) for CsV2O3(PO4).
V(1)O5
V(1) – O(1)
V(1) – O(1)a
V(1) – O(2)
V(1) – O(6)
V(1) – O(7)b

1.950(4)
1.927(4)
1.599(5)
2.026(4)
1.963(4)

O(1) – V(1) – O(1)a
O(1) – V(1) – O(7)b
O(6) – V(1) – O(1)a
O(6) – V(1) – O(7)b
O(2) – V(1) – O(1)
O(2) – V(1) – O(1)a
O(2) – V(1) – O(6)
O(2) – V(1) – O(7)b

79.7(2)
87.9(2)
89.7(2)
86.7(2)
104.7(2)
113.7(2)
96.6(2)
110.7(2)

V(2)O5
V(2) – O(1)c
V(2) – O(3)
V(2) – O(4)
V(2) – O(4)e
V(2) – O(5)d

1.915(4)
1.584(5)
2.006(4)
2.058(4)
1.972(4)

O(5)e – V(2) – O(4)
O(5)e – V(2) – O(1)c
O(4)d – V(2) – O(4)
O(4)d – V(2) – O(1)c
O(3) – V(2) – O(5)e
O(3) – V(2) – O(4)
O(3) – V(2) – O(4)d
O(3) – V(2) – O(1)c

90.1(2)
89.6(2)
75.3(2)
88.9(2)
99.3(2)
111.1(2)
101.2(2)
114.5(2)

PO4
P – O(4)
P – O(5)
P – O(6)
P – O(7)

1.576(4)
1.526(4)
1.522(4)
1.520(4)

O(5) – P – O(7)
O(5) – P – O(4)
O(5) – P – O(6)
O(7) – P – O(4)
O(7) – P – O(6)
O(4) – P – O(6)

108.1(3)
107.3(2)
112.5(2)
107.8(3)
111.7(3)
108.6(3)

V(2)d – O(4) – P
V(2)e – O(5) – P
V(1) – O(6) – P
V(1)b – O(7) – P

123.2(2)
128.1(3)
122.9(3)
133.5(3)

V(1)a – O(1) – V(1)
V(1) – O(1) – V(2)f
V(1)a – O(1) – V(2)f

100.3(2)
127.2(2)
130.8(2)

V(1) – V(1)g
V(2) – V(2)i

2.98(5)
3.22(4)

V(1) – V(2)a
V(1) – V(2)h

3.49(6)
3.46(5)

a-f

Symmetry codes: a) 1-x, -y, -z; b) –x, -y, -z; c) -1+x, 1+y, z; d) -1-x, 1-y, -z; e) –x, 1-y,
-z; f) 1+x, -1+y, z; g) 1-x, -y, -z; h) 1+x, -1+y, z; i) -1-x, 1-y, -z;
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Table 4-4. Atomic coordinates for RbV2O3(PO4).
Atom
V(1)
V(2)
P
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
Rb

Wyckoff
position
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i

x

y

z

0.3210(2)
-0.3838(2)
-0.0866(2)
0.5704(7)
0.4014(7)
-0.4417(8)
-0.3171(6)
0.0565(7)
0.0227(7)
-0.1403(7)
0.1643(1)

-0.0193(1)
0.5565(1)
0.3044(2)
-0.1760(5)
-0.0257(6)
0.4302(7)
0.4060(6)
0.4572(5)
0.1532(6)
0.2192(6)
0.2222(1)

0.14412(1)
0.1416(1)
-0.0618(2)
0.0744(6)
0.3362(7)
0.3527(6)
-0.0110(6)
-0.1684(6)
0.1220(6)
-0.1915(6)
0.5042(9)

Table 4-5. Anisotropic displacement parameters (Å2) for RbV2O3(PO4).
Atom
V(1)
V(2)
P
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
Rb

U11
0.0103(5)
0.0101(5)
0.0083(7)
0.018(2)
0.027(2)
0.025(2)
0.008(2)
0.012(2)
0.014(2)
0.018(2)
0.0292(4)

U 22
0.0138(5)
0.0122(5)
0.0129(7)
0.014(2)
0.029(2)
0.033(2)
0.022(2)
0.014(2)
0.022(2)
0.023(2)
0.0384(5)

U 33
0.0195(5)
0.0185(5)
0.0237(8)
0.028(2)
0.034(3)
0.028(2)
0.030(2)
0.030(2)
0.022(2)
0.032(2)
0.0311(4)

U 12
-0.0001(4)
-0.0016(4)
-0.0011(5)
-0.002(2)
-0.000(2)
-0.009(2)
-0.000(2)
-0.002(2)
0.004(2)
-0.007(2)
0.0041(3)
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U 13
-0.0018(4)
-0.0006(4)
0.0002(6)
0.003(2)
-0.008(2)
0.005(2)
-0.002(2)
-0.0023(2)
0.000(2)
0.005(2)
0.0045(3)

U 23
-0.0096(4)
-0.0079(4)
-0.0106(6)
-0.009(2)
-0.021(2)
-0.013(2)
-0.018(2)
-0.009(2)
-0.005(2)
-0.019(2)
-0.0105(3)

Table 4-6. Selected distances (Å) and bond angles (deg.) for RbV2O3(PO4).
V(1)O5
V(1) – O(1)
V(1) – O(1)b
V(1) – O(2)
V(1) – O(6)
V(1) – O(7)a

1.96(3)
1.92(4)
1.59(2)
2.01(4)
1.97(3)

O(1) – V(1) – O(1)b
O(1) – V(1) – O(7)a
O(6) – V(1) – O(1)b
O(6) – V(1) – O(7)a
O(2) – V(1) – O(1)
O(2) – V(1) – O(1)b
O(2) – V(1) – O(6)
O(2) – V(1) – O(7)a

80.7(2)
87.3(2)
90.1(2)
85.7(2)
104.5(2)
112.4(2)
97.2(2)
111.6(2)

V(2)O5
V(2) – O(1)d
V(2) – O(3)
V(2) – O(4)
V(2) – O(4)e
V(2) – O(5)c

1.92(2)
1.58(3)
1.99(2)
2.05(3)
1.980(8)

O(5)c – V(2) – O(4)
O(5)c – V(2) – O(1)d
O(4)e – V(2) – O(4)
O(4)e – V(2) – O(1)d
O(3) – V(2) – O(5)c
O(3) – V(2) – O(4)
O(3) – V(2) – O(4)e
O(3) – V(2) – O(1)d

90.1(2)
89.6(2)
74.7(2)
89.3(2)
99.3(2)
112.1(2)
100.8(2)
114.9(3)

PO4
P – O(4)
P – O(5)
P – O(6)
P – O(7)

1.58(3)
1.52(3)
1.52(4)
1.52(2)

O(5) – P – O(7)
O(5) – P – O(4)
O(5) – P – O(6)
O(7) – P – O(4)
O(7) – P – O(6)
O(4) – P – O(6)

109.0(3)
107.2(2)
112.7(3)
107.6(3)
112.1(3)
107.8(3)

V(2)e – O(4) – P
V(2)c – O(5) – P
V(1) – O(6) – P
V(1)a – O(7) – P

122.5(2)
128.0(3)
125.5(3)
129.9(3)

V(1)b – O(1) – V(1)
V(1) – O(1) – V(2)f
V(1)b – O(1) – V(2)f

99.3(2)
128.7(2)
128.3(2)

V(1) – V(1)i
V(2) – V(2)k

2.96(5)
3.22(4)

V(1) – V(2)h
V(1) – V(2)a

3.49(5)
3.45(6)

a-f

Symmetry codes: a) –x, -y, -z; b) 1-x, -y, -z; c) –x, 1-y, -z; d) -1+x, 1+y, z; e) -1-x, 1-y,
-z; f) 1+x, -1+y, z; g) x, -1+y, z; h) x, 1+y, -1+z; i) 1-x, -y, -z; j) 1+x, -1+y, z; k) -1-x, 1y, -z;
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Table 4-7. Atomic coordinates for the triclinic solution of CsV2O4(PO4).

Atom
Cs(1)
Cs(2)
Cs(3)
Cs(4)
V(1)
V(2)
V(3)
V(4)
V(5)
V(6)
V(7)
V(8)
P(1)
P(2)
P(3)
P(4)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(8)
O(9)
O(10)
O(11)
O(12)
O(13)
O(14)
O(15)
O(16)
O(17)
O(18)
O(19)
O(20)

Wyckoff
position
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i

x

y

z

0.7951(3)
0.7617(3)
0.7973(3)
0.7593(3)
0.7812(7)
0.7200(7)
0.7792(7)
0.7212(7)
0.3279(7)
0.3253(7)
0.3324(7)
0.3344(7)
1.197(1)
0.301(1)
0.297(1)
1.201(1)
0.230(3)
0.232(3)
1.254(3)
0.264(3)
0.249(4)
0.238(3)
0.664(3)
0.659(3)
0.668(3)
0.238(3)
0.809(3)
1.22(3)
0.691(3)
0.934(3)
0.571(3)
0.111(2)
0.896(3)
0.604(3)
0.706(4)
0.796(4)

0.4733(1)
0.9748(1)
-0.1503(1)
0.3504(1)
0.6872(3)
0.1825(3)
0.1567(3)
-0.3460(3)
0.3972(3)
1.1530(3)
0.8950(3)
0.6516(3)
0.1991(4)
0.6948(5)
0.0687(5)
-0.4297(4)
1.275(1)
1.002(1)
-0.537(1)
-0.043(1)
0.777(1)
0.147(1)
0.392(1)
0.895(1)
0.648(1)
0.507(1)
-0.406(1)
0.311(1)
0.109(1)
-0.247(1)
0.784)1)
0.085(1)
0.179(1)
0.076(1)
0.588(2)
0.079(1)

0.3764(1)
0.3747(1)
0.1238(1)
0.1249(1)
0.4704(2)
0.4711(2)
0.0299(2)
0.0290(2)
0.2550(2)
0.2436(2)
0.2562(2)
0.2444(2)
0.3711(3)
0.3736(3)
0.1266(3)
0.1276(3)
0.2280(8)
0.2716(8)
0.1680(7)
0.1701(8)
0.2294(8)
0.1624(8)
0.2557(8)
0.2572(8)
0.2445(9)
0.2697(8)
-0.0191(9)
0.3362(9)
-0.0199(8)
0.0186(8)
0.4744(8)
0.0722(7)
0.3975(8)
0.1042(8)
0.5187(9)
0.5179(9)
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O(21)
O(22)
O(23)
O(24)
O(25)
O(26)
O(27)
O(28)
O(29)
O(30)
O(31)
O(32)

2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i
2i

1.238(3)
0.899(2)
0.576(2)
1.397(3)
1.246(3)
0.926(3)
1.394(3)
0.652(2)
0.606(3)
1.113(3)
0.241(3)
0.272(3)

-0.355(1)
-0.423(1)
0.256(1)
-0.407(1)
0.129(1)
0.269(1)
0.168(1)
1.152(1)
0.681(1)
0.659(1)
0.806(1)
0.629(1)

0.1632(8)
0.1057(8)
0.0258(8)
0.0725(8)
0.3320(8)
0.4819(8)
0.4258(9)
0.2406(8)
0.3950(8)
0.4274(7)
0.3374(8)
0.3307(7)

Table 4-8. Anisotropic displacement parameters (Å) of CsV2O4(PO4).
Atom
Cs(1)
Cs(2)
Cs(3)
Cs(4)
V(1)
V(2)
V(3)
V(4)
V(5)
V(6)
V(7)
V(8)
P(1)
P(2)
P(3)
P(4)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)

U11
0.028(1)
0.032(1)
0.027(1)
0.029(1)
0.013(2)
0.017(2)
0.018(2)
0.017(2)
0.015(2)
0.016(2)
0.025(2)
0.026(2)
0.013(2)
0.018(3)
0.017(3)
0.018(3)
0.019(7)
0.014(7)
0.021(7)
0.038(9)
0.08(1)
0.020(8)

U22
0.020(1)
0.023(1)
0.028(1)
0.027(1)
0.022(3)
0.013(2)
0.015(2)
0.012(2)
0.012(2)
0.011(2)
0.013(2)
0.007(2)
0.08(3)
0.020(4)
0.015(3)
0.005(3)
0.002(1)
0.02(1)
0.008(9)
0.01(1)
0.000(9)
0.02(1)

U33
0.027(1)
0.026(1)
0.026(1)
0.026(1)
0.015(2)
0.018(2)
0.014(2)
0.016(2)
0.019(3)
0.015(2)
0.012(2)
0.012(2)
0.025(4)
0.000(3)
0.013(3)
0.015(3)
0.02(1)
0.03(1)
0.003(9)
0.03(1)
0.00(1)
0.02(1)
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U23
-0.003(1)
-0.004(1)
-0.013(1)
-0.011(1)
-0.005(2)
-0.009(2)
-0.004(2)
0.001(2)
-0.010(2)
-0.001(2)
-0.003(2)
-0.005(2)
-0.008(3)
-0.003(2)
-0.004(3)
-0.001(3)
0.000(8)
-0.020(9)
0.008(7)
-0.012(9)
-0.007(8)
0.012(8)

U12
0.002(1)
-0.005(1)
-0.004(1)
0.004(1)
-0.002(2)
-0.002(2)
0.002(2)
0.000(2)
0.001(2)
-0.002(2)
-0.003(2)
0.002(2)
0.001(2)
-0.003(2)
0.004(2)
-0.005(2)
0.004(6)
-0.015(6)
0.006(5)
-0.019(7)
-0.028(9)
-0.020(7)

U13
0.001(1)
-0.002(1)
0.003(1)
-0.005(1)
0.000(1)
0.002(1)
-0.002(1)
0.000(1)
-0.003(1)
-0.001(1)
-0.005(2)
-0.001(1)
0.000(2)
-0.001(2)
-0.002(2)
-0.002(2)
-0.002(6)
0.013(6)
0.006(5)
-0.008(7)
0.009(8)
0.000(6)

O(7)
O(8)
O(9)
O(10)
O(11)
O(12)
O(13)
O(14)
O(15)
O(16)
O(17)
O(18)
O(19)
O(20)
O(21)
O(22)
O(23)
O(24)
O(25)
O(26)
O(27)
O(28)
O(29)
O(30)
O(31)
O(32)

0.011(7)
0.038(9)
0.024(8)
0.06(1)
0.041(9)
0.05(1)
0.05(1)
0.008(7)
0.018(7)
0.009(6)
0.015(7)
0.022(7)
0.06(1)
0.09(1)
0.041(9)
0.010(6)
0.002(6)
0.005(7)
0.017(7)
0.000(6)
0.008(7)
0.003(6)
0.003(7)
0.031(8)
0.020(8)
0.021(7)

0.04(1)
0.03(1)
0.02(1)
0.001(9)
0.01(1)
0.02(1)
0.04(1)
0.03(1)
0.02(1)
0.018(9)
0.06(1)
0.014(9)
0.07(2)
0.02(1)
0.006(9)
0.000(8)
0.016(9)
0.04(1)
0.000(8)
0.07(1)
0.07(1)
0.04(1)
0.07(1)
0.03(1)
0.04(1)
0.04(1)

0.03(1)
0.000(1)
0.03(1)
0.007(9)
0.04(1)
0.04(1)
0.000(1)
0.04(1)
0.03(1)
0.03(1)
0.03(1)
0.03(1)
0.01(1)
0.02(1)
0.02(1)
0.04(1)
0.05(1)
0.04(1)
0.04(1)
0.04(1)
0.05(1)
0.04(1)
0.03(1)
0.006(9)
0.02(1)
0.002(9)
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-0.02(1)
-0.010(8)
0.004(9)
-0.006(7)
-0.003(9)
-0.02(1)
-0.012(9)
-0.004(9)
-0.008(8)
-0.013(7)
-0.026(9)
-0.010(8)
0.01(1)
0.012(9)
-0.014(8)
0.002(7)
-0.012(8)
0.000(9)
-0.009(8)
-0.04(1)
-0.03(1)
-0.021(9)
-0.03(1)
0.004(7)
-0.009(9)
-0.006(8)

0.013(7)
-0.002(7)
-0.001(7)
0.021(7)
0.020(8)
0.015(8)
-0.010(7)
-0.010(6)
-0.001(6)
-0.003(6)
0.007(7)
0.013(7)
0.024(8)
-0.03(1)
0.003(7)
-0.003(6)
-0.006(6)
0.014(6)
0.003(6)
0.006(6)
-0.005(7)
0.024(6)
-0.001(6)
0.004(6)
0.002(6)
0.002(6)

0.010(6)
-0.003(7)
-0.001(6)
-0.015(7)
0.008(7)
0.007(8)
0.009(8)
-0.001(6)
0.000(6)
0.003(5)
0.003(7)
-0.005(6)
-0.01(1)
-0.01(1)
0.002(6)
0.005(5)
0.016(5)
-0.007(6)
-0.004(5)
-0.006(6)
-0.005(7)
-0.024(6)
0.005(7)
0.000(7)
-0.001(7)
0.004(6)

Table 4-9. Selected distances (Å) and bond angles (deg.) for CsV2O4(PO4).
V(1)O5
V(1) – O(19)
V(1) – O(15)
V(1) – O(29)
V(1) – O(30)
V(1) – O(26)a

1.53(2)
1.68(1)
1.94(1)
1.96(2)
2.00(1)

O(19)—V(1)—O(15)
O(19)—V(1)—O(26)a
O(19)—V(1)—O(30)
O(19)—V(1)—O(29)
O(15)—V(1)—O(29)
O(15)—V(1)—O(30)
O(15)—V(1)—O(26)a
O(30)—V(1)—O(26)a
O(29)—(V1)—O(30)
O(29)—V(1)—O(26)a

111(1)
98.7(9)
106.6(9)
104.5(9)
92.1(8)
141.4(7)
90.6(8)
80.3(6)
81.4(7)
153.8(7)

V(2)O5
V(2) – O(20)
V(2) – O(26)
V(2) – O(17)
V(2) – O(27)c
V(2) – O(15)f

1.54(2)
1.65(2)
1.88(2)
1.94(1)
2.00(2)

O(20)—V(2)—O(27)c
O(20)—V(2)—O(17)
O(20)—V(2)—O(26)
O(20)—V(2)—O(15)f
O(15)f—V(2)—O(26)
O(15)f—V(2)—O(17)
O(15)f—V(2)—O(27)c
O(17)—V(2)—O(27)c
O(17)—V(2)—O(26)
O(27)c—V(2)—O(26)

108.9(9)
104.2(9)
108(1)
93.9(9)
91.1(7)
158.2(7)
81.1(7)
81.7(7)
94.2(8)
141.9(8)

V(3) – O(13)
V(3) – O(23)
V(3) – O(18)
V(3) – O(16)b
V(3) – O(14)d

1.54(2)
1.65(1)
1.92(2)
1.96(1)
1.98(2)

O(13)—V(3)—O(14)d
O(13)—V(3)—O(16)b
O(13)—V(3)—O(23)
O(13)—V(3)—O(18)
O(18)—V(3)—O(23)
O(18)—V(3)—O(14)d
O(18)—V(3)—O(16)b
O(14)d—V(3)—O(16)b
O(14)d—V(3)—O(23)
O(23)—V(3)—O(16)b

98.0(8)
109.3(7)
109.1(9)
104.6(8)
92.4(7)
155.1(7)
81.9(6)
80.7(6)
89.9(7)
141.3(6)

V(4)O5
V(4) – O(11)
V(4) – O(14)
V(4) – O(24)c
V(4) – O(22)
V(4) – O(23)g

1.61(2)
1.69(2)
1.91(1)
1.94(1)
2.04(1)

O(11)—V(4)—O(23)g
O(11)—V(4)—O(14)
O(11)—V(4)—O(22)
O(11)—V(4)—O(24)c
O(23)g—V(4)—O(14)
O(23)g—V(4)—O(22)
O(23)g—V(4)—O(24)c

95.9(8)
108.5(9)
104.3(8)
108.2(8)
91.8(6)
156.5(6)
80.6(6)

V(3)O5
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O(22)—V(4)—O(14)
O(22)—V(4)—O(24)c
O(24)c—V(4)—O(14)

92.9(7)
81.9(6)
143.1(7)

V(5)O5
V(5) – O(7)
V(5) – O(10)
V(5) – O(12)c
V(5) – O(3)h
V(5) – O(1)e

1.62(1)
1.70(2)
1.93(2)
1.94(1)
2.03(2)

O(7)—V(5)—O(3)h
O(7)—V(5)—O(1)e
O(7)—V(5)—O(12)c
O(7)—V(5)—O(10)
O(10)—V(5)—O(3)h
O(10)—V(5)—O(1)e
O(10)—V(5)—O(12)c
O(1)e—V(5)—O(3)h
O(1)e—V(5)—O(12)c
O(12)c—V(5)—O(3)h

101.3(78)
102.8(8)
103.8(8)
105.5(8)
89.2(8)
151.1(8)
94.5(8)
79.9(7)
84.1(8)
152.6(8)

V(6)O5
V(6) – O(28)
V(6) – O(1)
V(6) – O(6)i
V(6) – O(25)h
V(6) – O(2)

1.58(1)
1.68(2)
1.92(2)
1.97(2)
2.05(2)

O(28)—V(6)—O(6)i
O(28)—V(6)—O(2)
O(28)—V(6)—O(25)h
O(28)—V(6)—O(1)
O(1)—V(6)—O(6)i
O(1)—V(6)—O(2)
O(1)—V(6)—O(25)h
O(2)—V(6)—O(6)i
O(2)—V(6)—O(25)h
O(25)h—V(6)—O(6)i

100.5(7)
103.6(7)
103.5(7)
105.2(8)
94.4(8)
150.8(9)
90.4(8)
84.6(7)
78.7(7)
153.3(8)

V(7)O5
V(7) – O(8)
V(7) – O(2)
V(7) – O(4)i
V(7) – O(31)
V(7) – O(5)

1.58(1)
1.69(2)
1.91(2)
1.94(2)
1.96(1)

O(8)—V(7)—O(2)
O(8)—V(7)—O(4)i
O(8)—V(7)—O(5)
O(8)—V(7)—O(31)
O(2)—V(7)—O(4)i
O(2)—V(7)—O(5)
O(2)—V(7)—O(31)
O(5)—V(7)—O(4)i
O(5)—V(7)—O(31)
O(31)—V(7)—O(4)i

105.0(9)
100.5(8)
103.5(9)
102.9(8)
90.9(8)
151.0(9)
95.1(8)
78.6(8)
83.7(8)
153.3(8)

V(8)O5
V(8) – O(9)
V(8) – O(5)
V(8) – O(32)
V(8) – O(21)h
V(8) – O(10)

1.61(1)
1.71(1)
1.91(2)
1.94(2)
1.98(2)

O(9)—V(8)—O(21)h
O(9)—V(8)—O(10)
O(9)—V(8)—O(32)
O(9)—V(8)—O(5)
O(5)—V(8)—O(21)h
O(5)—V(8)—O(10)
O(5)—V(8)—O(32)

103.8(8)
103.2(8)
99.1(8)
104.4(9)
95.7(8)
151.9(8)
90.6(8)
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O(10)—V(8)—O(21)h
O(10)—V(8)—O(32)
O(32)—V(8)—O(21)h

82.6(7)
80.1(7)
153.9(7)

P(1)O4
P(1) – O(25)
P(1) – O(27)
P(1) – O(12)
P(1) – O(17)

1.51(2)
1.52(2)
1.53(2)
1.57(1)

O(27)—P(1)—O(12)
O(27)—P(1)—O(25)
O(27)—P(1)—O(17)
O(12)—P(1)—O(25)
O(12)—P(1)—O(17)
O(25)—P(1)—O(17)

110(1)
108(1)
107.1(8)
114(1)
109.9(9)
106.2(9)

P(2)O4
P(2) – O(30)c
P(2) – O(31)
P(2) – O(32)
P(2) – O(29)

1.48(2)
1.53(2)
1.53(2)
1.54(1)

O(31)—P(2)—O(29)
O(31)—P(2)—O(32)
O(31)—P(2)—O(30)c
O(29)—P(2)—O(32)
O(29)—P(2)—O(30)c
O(32)—P(2)—O(30)c

109.6(9)
109(1)
111.8(9)
105.6(9)
110.4(8)
109.8(9)

P(3)O4
P(3) – O(16)
P(3) – O(18)
P(3) – O(6)
P(3) – O(4)

1.49(1)
1.56(1)
1.56(3)
1.57(2)

O(6)—P(3)—O(18)
O(6)—P(3)—O(16)
O(6)—P(3)—O(4)
O(18)—P(3)—O(16)
O(18)—P(3)—O(4)
O(16)—P(3)—O(4)

109.6(9)
112.2(9)
111(1)
109.0(7)
106.1(9)
108.8(9)

P(4)O4
P(4) – O(3)
P(4) – O(21)
P(4) – O(24)
P(4) – O(22)

1.50(1)
1.50(1)
1.52(2)
1.54(1)

O(21)—P(4)—O(24)
O(21)—P(4)—O(22)
O(21)—P(4)—O(3)
O(24)—P(4)—O(22)
O(24)—P(4)—O(3)
O(22)—P(4)—O(3)

110(1)
108.6(8)
111.1(9)
110.2(7)
109.1(9)
107.0(8)

V(1)a—O(26)—V(2)
V(1)—O(15)—V(2)f
V(2)f—O(15)—V(1)
V(2)—O(26)—V(1)a
V(3)—O(23)—V(4)g
V(3)d—O(14)—V(4)
V(4)g—O(23)—V(3)
V(4)—O(14)—V(3)d

151(1)
140.8(9)
140.8(9)
151(1)
141.0(7)
150(1)
141.0(7)
150(1)

V(5)i—O(1)—V(6)
V(5)—O(10)—V(8)
V(6)—O(1)—V(5)i
V(6)—O(2)—V(7)
V(7)—O(2)—V(6)
V(7)—O(5)—V(8)
V(8)—O(5)—V(7)
V(8)—O(10)—V(5)

138(1)
140(1)
138(1)
138(1)
138(1)
141(1)
141(1)
140(1)

V(1)—V(2)a

3.54(5)

V(6)—V(7)

3.50(1)
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V(1)—V(1)b
V(2)—V(2)c
V(3)—V(4)d
V(3)—V(3)b
V(4)—V(4)b
V(5)—V(6)e

4.826(5)
4.826(5)
3.55(7)
4.826(5)
4.826(5)
3.47(1)

V(7)—V(8)
V(8)—V(5)
V(5)—V(7)e
V(6)—V(8)
V(7)—V(5)
V(8)—V(6)e

3.47(1)
3.463(9)
6.955(6)
6.946(7)
6.911(6)
6.921(7)

a-i

Symmetry codes: a) 2-x, 1-y, 1-z; (b) 1+x, y, z; (c) -1+x, y, z; (d) 2-x, -y, -z;
(e) x, -1+y, z; (f) 1-x, 1-y, 1-z; (g) 1-x, -y, -z; (h) -1+x, 1+y, z;
(i) x, 1+y, z.
Table 4-10. Atomic coordinates for the monoclinic solution of [V10O28]6-.

Atom
V(1)
V(2)
V(3)
V(4)
V(5)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(8)
O(9)
O(10)
O(11)
O(12)
O(13)
O(14)

Wyckoff
position
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g
4g

x
-0.0994(2)
-0.1097(3)
0.2509(2)
0.6089(3)
0.2472(3)
-0.1355(9)
-0.1369(9)
-0.007(1)
0.505(1)
-0.250(1)
0.247(1)
-0.249(1)
0.249(1)
0.128(1)
0.373(1)
-0.001(1)
0.501(1)
0.129(1)
0.3723(9)

y
0.2740(2)
0.2759(2)
-0.0738(2)
0.2761(3)
0.5203(2)
0.4462(9)
0.1041(9)
0.2752(9)
0.2747(9)
0.2783(9)
0.374(1)
0.2765(9)
0.070(1)
0.5567(9)
0.556(1)
0.273(1)
0.273(1)
-0.110(1)
-0.109(1)
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z
0.2549(2)
0.0335(2)
-0.1401(2)
0.0254(2)
-0.1412(2)
0.2547(8)
0.2531(8)
0.1606(8)
0.1445(8)
-0.0436(8)
-0.1435(9)
0.1547(8)
-0.1418(9)
-0.0579(8)
-0.0507(9)
-0.405(9)
-0.055(1)
-0.0583(8)
-0.0533(7)

Table 4-11. Anisotropic displacement parameters (Å) of [V10O28]6-.
Atom
V(1)
V(2)
V(3)
V(4)
V(5)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)
O(7)
O(8)
O(9)
O(10)
O(11)
O(12)
O(13)
O(14)

U11
0.021(1)
0.027(1)
0.024(1)
0.026(1)
0.031(2)
0.026(6)
0.015(5)
0.024(6)
0.023(5)
0.043(7)
0.041(7)
0.026(6)
0.040(7)
0.036(6)
0.041(7)
0.026(6)
0.027(6)
0.026(6)
0.023(5)

U22
0.022(1)
0.027(2)
0.020(1)
0.030(2)
0.016(1)
0.019(5)
0.020(5)
0.023(5)
0.025(5)
0.019(5)
0.018(6)
0.017(5)
0.021(6)
0.019(5)
0.014(5)
0.043(7)
0.037(7)
0.031(6)
0.031(6)

U33
0.032(2)
0.032(2)
0.031(2)
0.033(2)
0.034(2)
0.036(7)
0.038(7)
0.040(7)
0.034(6)
0.031(6)
0.043(8)
0.030(6)
0.045(8)
0.034(7)
0.046(8)
0.044(7)
0.049(8)
0.026(6)
0.023(6)

U23
-0.001(1)
0.002(1)
0.000(1)
-0.000(1)
0.000(1)
0.003(4)
0.002(4)
-0.002(4)
0.002(4)
-0.001(5)
0.004(5)
0.000(4)
0.003(5)
-0.002(5)
0.005(5)
0.000(5)
0.000(5)
-0.004(5)
0.001(4)

U12
0.002(1)
0.007(1)
0.003(1)
-0.002(1)
0.002(1)
0.001(5)
0.006(4)
0.005(5)
-0.004(5)
0.003(5)
-0.005(5)
0.001(5)
0.004(6)
0.010(5)
-0.006(5)
0.011(5)
-0.001(5)
0.000(4)
-0.002(4)

Table 4-12. Selected distances (Å) and bond angles (deg.) for [V10O28]6-.
V(1)O5
V(1)—O(1)
V(1)—O(7)a
V(1)—O(4)b
V(1)—O(3)
V(1)—O(7)
V(1)—O(2)

1.94(1)
2.11(3)
1.70(3)
1.68(3)
2.10(3)
1.92(1)

O(1)—V(1)—O(7)a
O(1)—V(1)—O(4)b
O(1)—V(1)—O(3)
O(1)—V(1)—O(7)
O(1)—V(1)—O(2)
O(2)—V(1)—O(7)a
O(2)—V(1)—O(4)b
O(2)—V(1)—O(3)
O(2)—V(1)—O(7)
O(7)a—V(1)—O(7)
O(7)a—V(1)—O(3)
O(7)a—V(1)—O(4)b
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79.9(4)
96.4(5)
96.8(5)
80.5(4)
156.1(4)
81.4(4)
97.8(5)
97.5(5)
81.1(4)
78.1(4)
165.4(5)
88.0(5)

U13
0.000(1)
0.002(1)
-0.000(1)
0.002(1)
0.002(1)
-0.004(4)
0.001(4)
0.000(5)
0.001(5)
0.004(5)
0.002(5)
0.000(4)
0.008(5)
0.006(5)
0.003(5)
0.009(6)
0.012(6)
0.004(5)
-0.001(5)

O(3)—V(1)—O(7)
O(3)—V(1)—O(4)b
O(7)—V(1)—O(4)b

87.4(5)
106.5(5)
166.1(5)

V(2)O5
V(2)—O(9)c
V(2)—O(1)1
V(2)—O(5)
V(2)—O(7)
V(2)—O(3)
V(2)—O(13)d

1.89(1)
1.60(3)
1.83(3)
2.32(3)
2.05(3)
1.88(1)

O(9)c—V(2)—O(11)
O(9)c—V(2)—O(5)
O(9)c—V(2)—O(7)
O(9)c—V(2)—O(3)
O(9)c—V(2)—O(13)d
O(13)d—V(2)—O(11)
O(13)d—V(2)—O(5)
O(13)d—V(2)—O(7)
O(13)d—V(2)—O(3)
O(3)—V(2)—O(11)
O(3)—V(2)—O(5)
O(3)—V(2)—O(7)
O(5)—V(2)—O(11)
O(5)—V(2)—O(7)
O(11)—V(2)—O(7)

102.9(6)
89.8(5)
77.7(4)
84.7(4)
155.1(5)
100.9(6)
91.5(5)
77.8(4)
84.1(5)
99.6(6)
156.3(5)
73.8(4)
104.1(6)
82.5(5)
173.4(5)

V(3)O6
V(3) – O(7)d
V(3) – O(13)
V(3) – O(14)
V(3) – O(2)e
V(3) – O(2)d
V(3) – O(8)

2.25(1)
1.83(3)
1.79(3)
1.99(3)
1.99(3)
1.59(1)

O(7)d—V(3)—O(8)
O(7)d—V(3)—O(13)
O(7)d—V(3)—O(14)
O(7)d—V(3)—O(2)e
O(7)d—V(3)—O(2)d
O(8)—V(3)—O(13)
O(8)—V(3)—O(14)
O(8)—V(3)—O(2)e
O(8)—V(3)—O(2)d
O(2)d—V(3)—O(13)
O(2)d—V(3)—O(14)
O(2)d—V(3)—O(2)e
O(14)—V(3)—O(13)
O(14)—V(3)—O(2)e
O(2)e—V(3)—O(13)

173.9(5)
80.6(5)
81.0(5)
76.5(4)
76.1(4)
102.8(6)
103.6(6)
99.3(5)
98.7(5)
90.6(5)
155.6(5)
76.2(4)
93.8(5)
90.5(4)
155.7(5)

V(4)O6
V(4)—O(10)f
V(4)—O(5)g
V(4)—O(12)
V(4)—O(4)
V(4)—O(7)g
V(4)—O(14)h

1.89(1)
1.84(3)
1.59(3)
2.05(3)
2.32(4)
1.89(1)

O(10)f — V(4)— O(14)h
O(10)f — V(4)— O(5)g
O(10)f — V(4)— O(12)
O(10)f — V(4)— O(4)
O(10)f — V(4)— O(7)g
O(14)h — V(4)— O(5)g
O(14)h — V(4)— O(12)

154.8(5)
90.2(5)
102.6(6)
84.9(5)
78.1(5)
92.0(5)
101.2(6)
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V(5)O6
V(5)—O(6)
V(5)—O(9)
V(5)—O(10)
V(5)—O(1)i
V(5)—O(1)c
V(5)—O(7)c

1.61(1)
1.82(3)
1.86(3)
2.01(3)
1.99(3)
2.25(1)

V(1)—V(1)a
V(1)—V(4)b
V(1)—V(3)j
V(1)—V(3)d
V(1)—V(2)
V(1)—V(5)c
V(1)—V(5)k

3.272(5)
3.065(5)
3.14(2)
3.15(3)
3.079(5)
3.17(2)
3.20(2)

O(14)h — V(4)— O(4)
O(14)h — V(4)— O(7)g
O(7)g — V(4)— O(5)g
O(7)g — V(4)— O(12)
O(7)g — V(4)— O(4)
O(12)— V(4)— O(5)g
O(12)— V(4)— O(4)
O(4)— V(4)— O(5)g

83.4(4)
77.3(4)
82.3(5)
173.7(6)
75.0(4)
103.9(6)
98.8(6)
157.3(5)

O(6)— V(5)— O(7)c
O(6)— V(5)— O(9)
O(6)— V(5)— O(10)
O(6)— V(5)— O(1)c
O(6)— V(5)— O(1)i
O(7)c — V(5)— O(9)
O(7)c — V(5)— O(10)
O(7)c — V(5)— O(1)i
O(7)c — V(5)— O(1)c
O(1)c — V(5)— O(9)
O(1)c — V(5)— O(10)
O(1)c — V(5)— O(1)i
O(10)— V(5)— O(9)
O(10)— V(5)— O(1)i
O(1)i — V(5)— O(9)

174.0(5)
103.5(5)
103.1(6)
99.8(5)
99.8(5)
81.0(4)
80.4(4)
75.3(4)
75.9(4)
92.3(5)
154.8(5)
77.1(5)
92.5(5)
88.7(5)
155.7(5)

V(2)—V(3)d
V(2)—V(4)k
V(2)—V(5)c
V(3)—V(3)m
V(3)—V(4)h
V(5)—V(5)m

a-m

3.12(2)
3.057(6)
3.12(2)
3.059(4)
3.11(2)
3.032(4)

Symmetry codes: a)-0.5-x, y, 0.5-z; (b) 0.5-x, y, 0.5-z; (c) -x, 1-y, -z; (d) -x, -y, -z;
(e) 0.5+x, -y, -0.5+z; (f) 1-x, 1-y, -z; (g) 1+x, y, z; (h) 1-x, -y, -z;
(i) 0.5+x, 1-y, -0.5+z; (j) -0.5+x, -y, 0.5+z; (k) -0.5+x, 1-y, 0.5+z; (l) -1+x, y, z;
(m) 0.5-x, y, -0.5-z;
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The initial structural solution for the Rb phase was made with the β and γ angles
reversed as compared to the Cs phase. Reprocessing using the unit cell from the Cs
phase resulted in the reversal of the β and γ angles and b and c axis’ along with a very
slight reduction in the R values. The atomic parameters from the original Rb structural
solution to the reprocessed solution were identical. The structural comparison of the two
phases can be seen below in Table 4-13.

The only discrepancy between the two

structures exists in the comparisons between the b and c axis’ relative lengths. Whereas
the Cs phase contains a b axis that is relatively shorter, the Rb phase has a b axis that is
relatively longer. Issues leading to these observations will be discussed below in the
detailed structural descriptions.
This type of structural recalculation is not uncommon for materials that crystallize in a
triclinic space group. The unit cell that is extracted from the data can be sensitive to the
physical positioning of the crystal in the diffractometer. For example, if the crystals had
been positioned differently on their respective glass fibers, the unit cells could have
matched on the initial processing, eliminating the need to reenter the data from the first
crystal structure solution into the second crystal structure solution to generate the
isostructural unit cell.
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Table 4-13. Comparison of crystallographic data for the Rb and Cs phases of
AV2O3(PO4).
empirical formula

RbV2O3(PO4)

CsV2O3(PO4)

green / plate

green / plate

0.30 x 0.20 x 0.10

0.15 x 0.10 x 0.05

330.32

377.76

P-1 (no. 2) / 2

P-1 (no. 2) / 2

T, °C

298

298

a, Å

6.032(1)

6.029(1)

b, Å

7.894(2)

8.017(2)

c, Å

7.841(2)

8.072(2)

α, degree

64.75(3)

66.89(3)

β, degree

85.47(3)

85.85(3)

γ, degree

79.26(3)

78.72(3)

V, Å3

331.8(1)

351.9(1)

10.331

7.966

308

344

3.307

3.565

1168 / 0 / 100

1230 / 0 / 100

2814 / 1168 / 0.0278

2975 / 1230 / 0.0219

Final R1 / wR2 [I > 2σ(I)]

0.0400 / 0.1073

0.0367 / 0.0948

R1 / wR2 (all data)

0.0455 / 0.1172

0.0403 / 0.1001

1.024

1.049

1.460 / -0.976

1.318 / -1.510

color / shape
crystal size (mm)
formula weight (amu)
space group / Z

μ (Mo Kα), mm-1
F000
dcalc, g cm-3
data / restraints / parameters
reflections collected / unique / Rint

GOF
Largest difference peak / hole (e- / Å3)
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Magnetic Susceptibility.

Temperature and field-dependent measurements were

performed on a Quantum Design SQUID MPMS-5S magnetometer using ground powder
of selected single crystals of the title phases (11.2 mg of Cs phase, 3.8 mg of Rb phase)
(PXRD comparisons in Figure 4-8) placed in a gel capsule. The initial temperaturedependent studies were performed over 2-300 K in applied fields of H = 0.01 and 0.5T
with field- and zero field-cooling at 0.01 and 0.5T for the Cs phase and 0.01T fieldcooling for the Rb phase. A field-dependent study at 2K was performed on both phases.
The magnetic susceptibility was corrected for the contribution of the gel capsule and for
the core diamagnetism using Pascal’s constants.10
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Figure 4-8. PXRD pattern comparisons of the SQUID samples of the two phases a)
RbV2O3(PO4) and b) CsV2O3(PO4) showing the purity of the sample of ground single
crystals examined in the magnetometer.
a)
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b)

~ 156 ~

Results and Discussion
Synthesis. As will be seen throughout this discussion, the title phases were often the
major product of each of the various reactions with the other phases showing up as
secondary and tertiary phases in differing distribution percentages. The initial reactions
that produced the large single crystals, though stoichiometric in composition, did produce
some secondary and tertiary phases.

These side products were most likely due to

temperature and time factors and less due to compositional factors. As the molar ratios of
reactants were shifted away from the stoichiometric conditions of the initial reactions, the
major product remained the V4+ title phase with minor shifts in product distributions.
Molar ratios where adjusted up to that of 15 equivalents of VO2, keeping the equivalents
of P4O10 and Na2O the same. Also, the reaction between CsPO3 and VO2 in a molar ratio
of 1 : 4 in a 3 times by weight CsCl flux resulted in an approximate 90% yield of small
green plates of the title phase. These compositional changes had little impact on the
resulting product distributions as compare to that of changes in time or the use of openair reaction containers. For the case of the V10 cluster, the only factor that was changed
was that of time, in that the amount of time the reaction mixture was held at the
maximum temperature was extended from three days to six days. This extended period
of heating allowed the atoms to continue to move within the molten flux, going past the
first kinetic 1D phase to the more condensed thermodynamic cluster phase. In the case of
the fully oxidized phase, it was theoretically plausible that the initial 4+ phase could
transition to that of the fully oxidized phase under oxidizing reaction conditions. This
was an immediate question simply due to the comparison of the written formulas for the
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4+ and 5+ phases. As can be seen by the reaction involving regrinding and reheating of
the high yield powder of the 4+ phase, the 5+ phase is formed when reacted in an openair container. This transition is plausible when the structural features of the two phases
are examined. First, with all of the VO5 polyhedra in square pyramidal coordination,
there is no coordination change necessary for the transition. This reduces the relative
energy that would be required for a structural transition, given that more energy would be
needed if a coordination change were required. Second, to transition from parallel chains
within layers to the orthogonal chains separated by PO4 tetrahedra and cation-filled
channels, all that must occur is a cross-linking of the layers as the dimer units break
down. The breaking of the dimer units opens oxygen available for bonding between the
layers. As the linkages are made between the layers, the cations would be trapped within
the channels that are created from the newly formed orthogonal chains. A TGA in O2 of
samples of the high yield AV2O3(PO4) powder would allow the exact transition
temperature to be examined; however, due to the typical reactivity of vanadates with the
alumina sample holders, this test can only be run on an instrument that utilizes Pt sample
holders to avoid damage to the instrument itself.

Crystal structures. Small green plates (approximate average dimensions of 0.13 mm
× 0.15 mm × 0.05 mm) and large green plates (approximate average dimensions of 0.3
mm × 0.3 mm × 0.07 mm) were isolated from high-temperature CsCl and RbCl fluxes,
respectively, for initial single crystal x-ray diffraction analyses. From the measurements,
the triclinic crystal structures of CsV2O3(PO4) and RbV2O3(PO4) were determined.
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As can be calculated from the structure solutions, the charge on the vanadium within
the compound is 4+, all with square pyramidal coordination environments. Bond valence
sum calculations, as performed manually and utilizing the VaList BVS program11,
support this determination. V(1) and V(2) are calculated to have oxidation states of 4.10
and 4.05, respectively, for the Cs phase, and 4.11 and 4.09, respectively, for the Rb
phase.

This combination of oxidation state and coordination environment is

advantageous for the idea of redox-controlled magnetic response. Square pyramidal
coordination is only observed for either 4+ or 5+ vanadium; 3+ vanadium is seen only in
the octahedral environment.2 What this oxidation/coordination combination allows is the
possibility of a simple, one electron redox reaction without having to worry about
structural deformation.
The major structural features of the compounds are the layered nature with the
electropositive cations, Cs+ and Rb+ in these cases, residing between slabs in the
interstitial space and the one-dimensional chains of dimerized VO5 square pyramids
separated by PO4 units (as shown by the representative structure CsV2O3(PO4) in Fig. 49).

The layered nature of the crystal structure is consistent with the bulk plate

morphology of the visible crystals and the ability to separate the crystals physically
parallel to plane of the crystal face. The counter cations in the space between the layers
are weakly coordinated into distorted trigonal bipyramids by oxygen which are part of
either the vanadate chain alone or one of the linking oxygen between a vanadate chain
and a phosphate group. The plates can be separated along the layers using slight applied
pressure from a needle. This ease of separation along the plane of the layer provides
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additional support of the weak electrostatic interlayer forces determined by the structure
solution.
The major low-dimensional subunit in the title compound structure is the
vanadium(IV) oxide chain comprised of dimeric [V2O8]8- units. The dimeric units are
built out of edge-shared VO5 square pyramids and in turn, the chains are made of cornershared dimer units (Figure 4-10a). The chains zig-zag along the b-axis and are separated
by individual PO4 units (Figure 4-10b) along the a-axis via sharing all four oxygen atoms
of the unit. As can be seen in the figure below, the edges of the square pyramids that are
shared are comprised of the equatorial oxygen, leaving the apical, shortened vanadyl
―double bond‖ (as evidenced by the unique vanadyl bond distances discussed below)
pointing into interstitial space between the layers.
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Figure 4-9.

Perspective view of CsV2O3(PO4) a) along b-axis, looking into the

interstitial space containing the counter cations, parallel to the VO5 chains and b) of two
of the one-dimensional dimerized [V2O3] chains side-by-side isolated by isolated [PO4]
units.. Cs is represented in gray, V in blue, P in yellow, and O in red.
a)
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b)
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Figure 4-10. Views of a) two dimerized vanadium oxide unit and b) one PO4 spacer.
The polyhedral are shown coordinated to the identifying color of the central atom.

a)

b)
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Comparatively, the known structure, CsV2O4(PO4), synthesized in the altered reaction
mentioned above has a channeled structure that surrounds the cations as opposed to the
cations residing between the covalent layers of the title compound, AV2O3(PO4) (Figure
4-11). Dark red columns were isolated from molten salt media and utilized for single
crystal X-ray diffraction studies. From the structural analysis, the Cs derivative of the
known 5+ vanadate KV2O4(PO4) was determined.
Both the known fully oxidized phase and the Cs derivative exhibit two 1D chains of
corner-sharing VO5 square pyramids that run orthogonal to one another along two axis’,
the a and c in the known phase and the b and a, respectively, in the Cs derivative. The
two chains are comparative to other frameworks described in two distinct transition metal
oxides. First, the 1D chain running along the b-axis of the Cs derivative and a-axis of the
K phase is nearly linear in connectivity. This chain is similar to that observed in the
hexagonal tungsten bronze [WO5]∞ and the α-NH4VO2PO3OH compounds (Fig. 4-12a).
The other chain that is staggered along the c-axis in the K phase and a-axis in the Cs
derivative is connected similar to that of the observed connectivity between octahedra in
the well-known perovskites (Fig. 4-12b).7
Though the connectivities are essentially identical, the two phases crystallize in
different space groups. Visually, the structures are isostructural; however, on closer
examination of the unit cells and space groups, there are differences. As the cation is
changed to the larger Cs+, the symmetry and unit cell must be affected just enough to
prevent the unit cells from being matched through computational means.
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Figure 4-11. Perspective views of a) CsV2O4(PO4) and b) KV2O4(PO4) along the
channel directions and c) CsV2O3(PO4) along the layer direction. Views of the orthogonal
chains showing the corner-sharing vanadate square pyramids. One chain is more linear
than the other, as can be seen in the V-V-V or V-O-V angles along each chain (d)
parallel to a-axis and e) parallel to the-b axis of CsV2O4(PO4)). Polyhedra are used to the
show directionality of the apical oxygen.

a)

b)

c)
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d)

e)
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Figure 4-12. Comparison of orthogonal chains in AV2O4(PO4) (inset a) in both) to
those of a) hexagonal tungsten bronze [WO5]∞ (inset b) and α-NH4VO2PO3OH (inset c)
connectivities, and b) the perovskite lattice (inset b).7 The shading differences represent
the direction of the apical O on the square pyramid. Light gray is pointing into the page,
dark gray is pointing out of the page.

a)

b)
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This vanadate connectivity differentiates from the title compounds due to the fact of
corner-sharing only versus corner-sharing and edge-sharing. As can be seen when you
compare the 1D chains of the V4+ phase in Fig. 4-8 with the 1D chains of the V5+ phase in
Figure 4-9, the fully oxidized phase exhibits only corner-sharing while the title phase
displays both corner- and edge-sharing. Also, the 1D chains run parallel to one another
in the title phase and are separated by either a single phosphate group within the layers or
the countercations between layers.

In the fully oxidized material, the chains run

orthogonal to one another forming a 3D framework of the 1D chains linked through
individual phosphate groups.
There are multiple features that make this fully-oxidized vanadium material an
interesting focus for both electrochemical and magnetic studies. First, the cations reside
within a fairly large channel structure (~10.3 by 5.7 Å) making them susceptible to being
exchanged and possibly even allowing for the insertion of additional cations. This
insertion would affect the oxidation state of the V, which, being in 5+, is susceptible to
reduction to at least 4+, which would be structurally stable due to the shared coordination
environments between the two oxidation states.

Being able to control the cation

exchange / insertion is electrochemically important, but can also be magnetically
interesting due to the fact that V5+ is diamagnetic (all the spins are paired) and V4+
contains an unpaired spin which can participate in magnetic exchange. This unpaired
spin is additionally interesting in this compound due to the 1D nature of the chains. As
previously stated, by reducing the dimensionality of the magnetic exchange pathways,
potentials for quantum phenomena arise. Being able to pair the quantum behavior with
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the electrochemical ability could open the door to an entirely new realm of study
combining these two very impactful areas of materials studies.
As can be seen in Tables 4-3 and 4-6, the bonds and angles of the square pyramids are
typical for a 4+ vanadate, including the shortened vanadyl ―double bond‖.2 The vanadyl
bond is obvious when all the bond distances are compared. The average equatorial bond
distance is 1.97(4) Å while the average apical, vanadyl bond distance is 1.588(8) Å.
The square pyramids involved in each dimer are aligned inverse to one another. This
points the apical oxygen in opposing directions within each V(1) or V(2) dimer and
aligns pairs of V(1) and V(2) apical oxygen between dimers, canted along the c axis (Fig.
4-8a). This inverse pairing of the apical oxygen within the dimers generates local centers
of symmetry between the dimers in the middle of the shared edges. Further complicating
this unit, the dimers are linked together via either side of the edge-sharing portion of the
V(1) dimer through a μ3-oxy oxygen (O(1)) involving a corner of the V(2) dimer at
distances of 1.93(4) Å and 1.95(3) Å for the V(1) and 1.92(2) Å for the V(2). The V(2)
dimers only link at the ends, leaving the μ3 oxygen of that dimer (O(4) at 2.01(2) Å and
2.06(3) Å to the V(2)) to contain one bond with one of the isolated PO4 tetrahedra ( at
1.58(3) Å). This end-to-middle-to-end connectivity drives the formation of the zig-zag
down the chain.
Furthermore, the linkage, as mentioned above, generates a μ3 oxygen-centered triangle
of vanadium – a combination of two V(1) and one V(2) centered around O(1). This V3
triangular arrangement is less significant to the magnetic properties of this particular
compound due to the non-equilateral nature of the V-V distances and angles. The V(1)-
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V(1) distance within the structure is much shorter, respectively 2.98(5) Å and 2.96(5) Å
for Cs and Rb, than the V(1) – V(2) distances, 3.49(6) Å and 3.46(5) Å for Cs and
3.49(5) Å and 3.45(6) Å for Rb, see Tables 4-3 and 4-6. This affects the strength of the
interactions between the pairs of vanadium within the triangular unit around the μ3
oxygen. The dominant, nearest-neighbor interactions are between the dimerized pairs of
V(1) followed by the adjacent V(1)-V(2) pairing in the triangle with the shortest bond
distance, which will be detailed by the characterization of the magnetic properties.
Contrasting these two phases containing 1D chains is the 0D cluster of fully-oxidized
vanadate octahedra [V10O28]6-. This cluster is embedded in a disordered matrix of sodium
and rubidium chloride salt (Fig. 4-13) and is soluble in water at room temperature. This
phase was produced in the reaction for single crystals of the title V4+ phase when the time
at maximum temperature was extended. The formation of or transition from the title
phase to this 0D fully-oxidized phase, like that of the fully-oxidized orthogonal chain
phase, is completely plausible when the structures are compared. The transition between
these phases can be seen as a condensation of the vanadate frameworks within the
structures to produce 0D clusters. This condensation can be expected as the atoms are
given more time in the molten flux to move and explore different thermodynamically
stable phases. This cluster has also been synthesized in previous reactions in the group
by Dr. W. Queen, J. West, and W. Sheng; however, the conditions utilized were
hydrothermal. The V10 cluster was formed from the decomposition of a V15 cluster
compound, Cs11Na3(V15O36)Cl6, in water.12 In this case, the cluster was surrounded by
cations and crystalline water as opposed to salt.
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Figure 4-13. Perspective views of an individual [V10O28]6- cluster and cluster packing.
The disordered salt was removed for a clearer view of the cluster.
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Magnetic Properties. Temperature-dependent magnetic measurements were run on
both phases with field strengths of 100 and 5000 Oe over the range of temperatures from
2 to 300K. Field-dependent measurements were run with fields up to 5 Tesla at 2K.
Based on the V-O-V bond angles, antiferromagnetic behavior was anticipated. This
hypothesis is based on the fact that all of the angles are over 100°, see Tables 4-3 and 4-6.
These angles increase the overlap of the separate vanadium d orbitals with the two lobes
of the same oxygen p orbital. As the angle approaches 90°, the d orbitals overlap less and
less with the two lobes of the same oxygen p orbital, reducing the strength of the
superexchange interaction through those orbitals between the magnetic ions.13 Along the
same line, as the angle approaches 180°, the overlap becomes maximized, promoting a
direct correlation between the spins on the two adjacent vanadium atoms through the
spins in the shared orbital of the oxygen. This hypothesis is supported by the  vs. T, 
vs. T and T vs. T (Figures 4-14, -15, and 16, respectively) plots of both phases.
As can be seen in the  vs. T plot at 100 Oe, a distinct antiferromagnetic transition is
observed for the Cs phase at a Neél temperature (TN) of 10K followed by an upswing in
susceptibility at much lower temperatures. The Rb phase shows an inflection point
across a broader range just slightly above the TN of the Cs phase centered at
approximately 16K, but there is no distinct local maximum. These transitions are further
emphasized in the -1 vs. T plot at 100 Oe by examining the areas of local minima
around the same temperature ranges and when the high temperature portion of the data
are fitted with a Curie-Weiss curve fit (Fig. 4-17). The curve fitting revealed theta values
of -205(5)K and -267(7)K for the Rb and Cs phases, respectively. Due to the negative
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nature of the values at high temperature, the hypothesized antiferromagnetic behavior is
further supported. Also from this plot, the experimental μ values were calculated to be
2.61μB for the Rb phase and 3.06 μB for the Cs phase. These values can be compared to
the theoretical spin-only μ value for V4+ (d1 s = ½) of 1.73 μB to show that there are either
some additional couplings contributing to the magnetic interactions or some sort of
magnetic impurity.

Considering that the coordination geometry of the vanadium is

square pyramidal, orbital contributions (d1 L = 2) can be added to the calculations for the
theoretical μ value to give a more comparable value of 3 μB. Another factor complicating
this calculation is the possibility of magnetic frustration. One of the indicators for the
presence of frustration is the relative ratio between theta value and Neél temperature.
One of the criteria for frustration has been established as the material exhibiting a ratio
|θc|/TN of 10 or higher.14 As can be seen in the observed figures, the ratio for the Cs phase
is approximately 26 and for the Rb phase is approximately 12. These values signify that
some frustration may be complicating the magnetic couplings within the chains.
Further suggesting that there are other factors in play in the magnetic behavior of the
material than simple antiferromagnetic coupling is the sudden magnetic susceptibility
increase observed below the TN for both phases. For Rb, the transition again is broad and
covers a wide range centering around 10K, where as for the Cs phase, the transition is
fairly sharp at 4K, as observed in the -1 vs. T plot. This sudden increase suggests some
sort of ferro- or ferrimagnetic transition or inter-chain coupling. Structurally, this could
be a result of increased coupling of the second strongest nearest neighbor interactions, the
V(1)-V(2) pairing, or coupling between layers. This pairing consists of square pyramids
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in separate dimer units that have their axial vanadyl bonds aligned nearly parallel along
the c axis. If these spins couple antiferromagnetically, but have their spins oriented out
of the typical 2D alignment, the result could be similar to that observed in the  vs. T plot
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showing an increase in susceptibility.
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Figure 4-14.

Field-cooled temperature-dependent magnetic susceptibility of

RbV2O3(PO4) and CsV2O3(PO4) at 100 Oe. Insert) Closer examination of region below
20K showing the divergence in transition temperatures based on counter cation.
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Figure 4-15. Plot of the inverse of temperature-dependent magnetic susceptibility (-1
vs. T) for the Rb and Cs phase at 100 Oe. Insert) Closer examination of transition region
below 50K (note the line is added to aid in viewing, not as a curve fitting).
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Figure 4-16. Plot of T vs. temperature for both the Rb and Cs phase at 100 Oe.
Insert) Closer examination of transition region below 50K.
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Figure 4-17. Plot showing high temperature region of -1 vs. T used in Curie-Weiss
curve fitting analysis. m1 provides the Curie constant used to calculate the experimental
μ value. m2 provides the Wiese constant (theta value) used to support ferromagnetic,
antiferromagnetic, or paramagnetic behavior.
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Comparisons of magnetic susceptibility of the Cs phase as a function of temperature at
stronger fields did not reveal any changes (Figure 4-18). Changes to the susceptibility as
a function of the field strength applied would suggest that the transitions could be
suppressed by the field. In the case of CsV2O3(PO4), changing the applied field from 100
Oe to 5000 Oe resulted in no noticeable change in the susceptibility across the
temperature range of 2 to 300K meaning that the transitions are only temperature
dependent.
To further examine this low-temperature state of the material, field-dependent
measurements were taken at 2K where the susceptibility increases were event for both
phases. As seen in Figure 4-19, the measurements show an S-shape, indicative of weak
ferrimagnetic behavior.

The materials, however, fail to show little remnant

magnetization or coercive field that would suggest slow relaxation or field-induced
freezing of the spin states. This supports the possibility of weak ferrimagnetic coupling
suggested by the long-distance canted aligned square pyramids or that of a possible
ferromagnetic impurity. Also, the deviation away from linear paramagnetic behavior
increases as the interstitial cation is changed from Cs to Rb, or as the spacing between
layers decreases. This generates a possibility of interlayer magnetic interactions. It is
possible that as the layers become closer, there is an increase in effect between layers. As
ordering begins to increase in one layer, the field effects neighboring layers to generate
weakly correlated ordering between layers and, therefore, an increase in deviation away
from paramagnetic behavior.
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Figure 4-18. Plot of temperature-dependent magnetic susceptibility of CsV2O3(PO4) at
100 and 5000 Oe. Insert) Closer examination of region containing transition below 50K.
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Figure 4-19. Plot of field-dependent magnetic susceptibility at 2K for both phases.
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~ 181 ~

Conclusion
To conclude, large single crystals and high yield powders of a novel low-dimensional
vanadium phosphate have been synthesized utilizing high-temperature and molten-salt
flux solid state reactions. Targeted syntheses were performed to generate materials with
low-dimensional features that would show correlation between reduced dimensionality
and magnetic behavior. Vanadium was chosen in this study due to its variety of possible
oxidation states and coordination environments that lead to a myriad of building units. In
the three phases detailed in this study, two different coordination environments, oxidation
states, and building subunits are observed. In the phase AV2O3(PO4), the vanadium is
observed in a square pyramidal coordination, 4+ oxidation state, and forming 1D chain
units. In the AV2O4(PO4) phase, the coordination environment is still square pyramidal
and the building unit is still 1D chains, however, the oxidation state is 5+. This flexibility
of vanadium to occupy similar environments while changing oxidations states was a
secondary feature of vanadium that generated interest in possible redox abilities.
Reactions attempting to take advantage of this have only worked in the direction of
oxidation in that the 4+ phase has been converted to the 5+ phase via open-air reaction;
however, reactions attempting to perform ion exchange or aliovalent substitution utilizing
solvo / hyrdrothermal methods or salt-flux techniques have resulted in either no reaction
or the dissolution of the phase. Further reactions under novel conditions, such as the use
of an organic solvent and I2 for oxidation, could be employed in future studies to further
explore the versatility of this material. The third phase shows yet another feature of
vanadium oxides: the tendency towards clustering. A [V10O28]6- cluster embedded in a
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salt matrix was observed as a secondary product as reaction conditions were changed. It
is completely plausible to produce a more condensed phase such as this as the time of the
reaction is extended, however, this is the first example of this particular cluster being
formed under high temperature, solid state conditions; previous syntheses of this cluster
core were performed only under hydrothermal conditions. This new synthetic method for
the production of this cluster provides a novel pathway to acquiring this often-utilized
building subunit. Future work to optimize the synthesis of this phase through the hightemperature techniques can be done by what observation displays as simply extending the
reaction time of the current experiments.
Examinations of the magnetic behavior of the V4+ compound follows hypothesis in
that high-temperature antiferromagnetic behavior is observed while the low temperature
data exhibited an initially surprising susceptibility increase. Once structural features
were examined in correlation with the magnetic data, it is theorized that the interlayer
interactions obviously come in to play as the temperature decreases and interlayer
distance is decreased by the change in interlayer cations from Cs to Rb. It is easily
observed based on the T vs. T plot (Fig. 4-16) that the 3D ordering temperature is
reduced as the interlayer distance increases. To explain, if the structure is described
using the Ising model, the weak inter-chain interactions are enhanced at low temperature,
increasing the 3D ordering of the system.15 Countering this effect is the increase in
distance between layers from Rb to Cs phases which reduces the already weak
interactions. Therefore, further isolating the layers by larger and larger cations would
further isolate the chains and reduce the 3D ordering in the overall structure and allow for
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more directed studies of the individual chains. Also complicating the system is the
possibility of geometric frustration. The observed |θ|/TN ratios of the two phases are both
well over the suggested indicator of 10 giving support to the possibility of magnetic
frustration in the vanadate triangles within the chains. As frustration increases in the
chain, the correlation lengths of the magnetic interactions will change as the system
undergoes changes to compensate for the frustration. These compensations will also
have an effect on reducing the ordering temperature. It would be worthwhile to examine
the spin states of each phase utilizing neutron studies to determine the extent that
frustration plays on the spin states and the correlation lengths of the spin ordering as the
interlayer distances are changed.
With vanadium being of interest in both the magnetic and redox communities,
compounds such as these could lead to an entirely new area of material control. Though
current attempts to extend these materials into the realm of Li ion exchange have been
less than fruitful, the future for other materials that may exhibit greater ease of ion
exchange is limitless.

With the amount of attention being given to Li ion battery

materials that also exhibit interesting magnetic properties16, future works to examine both
possibilities of novel compounds is a must.
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CHAPTER FIVE
SYNTHESIS AND CHARACTERIZATION OF A PILLARED IDEALIZED
KAGOMÉ LATTICE: NEW MANGANESE(III) GERMANATES, AMn3O2(Ge2O7):
where A = K or Rb0.66(1) / K0.34(1)
Introduction
There is a constant strive to find materials that manifest physical examples of
theoretical concepts. Theories in science are just mathematical postulations until they
can be observed by either direct or indirect analytical techniques. In magnetism, one of
the most sought after observations is that of novel ground spin states. Materials that
exhibit frustrated or quantum behaviors have potential applications in next generation
technologies if idealized materials that correlate to these theories can be examined for
their real-world applications. The difficulty arises in discovering these materials that fit
to the theoretical models for testing. Often, scientists must make do with materials that
contain incomplete or close approximations to the desired theoretical structures for their
comparisons.

This chapter will detail the synthesis and structural and magnetic

characterization of a material that exhibits an idealized Kagome lattice.
In the studies of magnetically frustrated solids, great attention has been placed on the
ideal S = 1/2 Heisenberg antiferromagnetic Kagomé lattice for its idealized frustrated
lattice. The Kagomé lattice is so named due to its similarity to the Japanese basket
weaving style seen in Figure 5-1. The Japanese word is derived from two words meaning
the pattern of holes (translated as ―me‖, literally ―eyes‖) in a basket (translated as
―kago‖).
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a)

b)

Figure 5-1. a) Typical basket design showing Kagomé lattice. b) 2-D pictorial
representation of a layer of Kagomé crystalline lattice with dots representing the
magnetic ions and lines representing the magnetic lattice around the gaps in the lattice, or
the ―eyes‖.1,2

The reason the Kagomé lattice is interesting is due to the triangular arrangement of the
magnetic species.

When one examines the nearest neighbor antiferromagnetic

interactions at the corners of the triangle, it can be seen that simultaneous minimization
of the all components of the Hamiltonian for the pair-wise scalar product of the various
spin vectors (Eqn. 5-1) of the lattice isn’t possible.

Eqn. 5-1
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?
Figure 5-2. Graphical representation of frustration brought on by the failure to
minimize all the components of Eqn. 5-1. The arrows represent the arbitrarily designated
co-planar spin vectors for each magnetic species, while the question mark represents the
frustrated spin.2

This inability to have a single minimized solution to the Hamiltonian can result in the
major feature that Kagomé compounds are examined for – multiple degenerate ground
states.

These degenerate ground states can be observed as non-Ising coplanar

arrangements of spins (Fig. 5-3) or as canted antiferromagnetic arrangements (Fig. 5-4).2
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Figure 5-3. 2D non-collinear spin reorientations from frustrated Ising arrangements
that give rise to overall antiferromagnetic spin vector cancellation, a net spin moment of
zero. The diagram on the left is defined as q = 0 while the diagram on the right is known
as q = √3 x √3.2

Figure 5-4. Diagram representing progression of spins from frustrated to coplanar
relaxation to canted relaxation on a Kagomé lattice. It can be seen how the 2D relaxation
gives rise to a zero net spin while the 3D canted relaxation, while still
antiferromagnetically coupled, gives rise to a non-zero net spin vector.3 DM stands for
Dzyaloshinskii-Moriya interactions.4
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The difference between the 2D and 3D rearrangements of spins on the Kagomé lattice
can be seen in the net magnetic moment of each arrangement.

The 2D coplanar

compensations for the frustrated lattice result in no net magnetic moment. The two
examples shown in Figure 5-3 demonstrated the two possible arrangements of spins on
the 2D lattice. The forms are identified by ―q‖ values that describe the size of the
magnetic unit cell in relation to the crystalline unit cell. The ―q = 0‖ arrangement of
spins has the same magnetic unit cell as the crystalline unit cell. The ‖q = √3 x √3‖
magnetic structure has a unit cell that is √3 times larger than the crystalline unit cell
within the Kagomé layer, classically describing changes in the a- and b- axis. The 3D
rearrangement of the spins can result in a non-zero net magnetic moment due to
uncompensated spin vectors, as seen in Figure 5-4. These multiple degenerate structures
or uncompensated spins are the source of the Kagomé structure’s interesting magnetic
properties. These magnetic properties can manifest in the form of frozen spin states, spin
liquid states, or ferrimagnetic states, to name a few.5 These properties interest scientists
because of their potential future applications in quantum computing devices and, more
directly, the increased understanding of the fundamental nature of magnetism.
The tell-tale triangular features with hexagonal gaps in the layers are manifested in
many combinations of observed chemical systems. Examples of the idealized Kagomé
lattices come from compounds like AFe3(OH)6(SO4)2 jarosites6 and A2Mn3O77 while a
more

complicated

example

is

seen

in

a

salt-inclusion

compound,

CU-6,

(CsCl)Cu5O2(AsO4)2, synthesized in the Hwu research group.8 A2Mn3O7 is structurally
most similar to the title compounds in that the Kagomé layer is made of entirely uniform
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MnO6 octahedra; however, the differences are significant.

The Kagomé layers of

A2Mn3O7 are separated by A-site cations as opposed to being covalently linked to one
another as in the title compounds by oxyanions, pillaring [Ge2O7] units, with the cations
in the interstitial spaces between the layers and pillars. Also, the oxidation state of Mn in
the title compounds are 3+ while the oxidation state in A2Mn3O7 is 4+. These differences
could present significant impacts to the magnetic properties of the title compounds given
that Mn3+ is d4, s = 2, while Mn4+ is d3, s = 3/2.
A compound that exhibits the closest comparison to the title phase is that of
Cu3V2O7(OH)2 • 2H2O. This phase, though also pillared by non-magnetic dimers, does
not exhibit an idealized Kagome lattice.

Though the triangular units are obvious,

magnetic measurements and DFT calculations have confirmed that the layer is distorted
and the magnetic behavior is more akin to 1D than 3D. This is observed in the nonequilateral triangles formed by the Cu; the triangles are isosceles, generating Cu
―dumbbells‖ along one direction and long Cu-Cu interactions along the other. These
different Cu-Cu distances produce different magnetic couplings which break down the
Kagome magnetic lattice. This compound is just another example of the difficulty
scientists have experienced in the constant quest for ideal materials to compare to theory.
The rest of this chapter will be dedicated to the discussion of the synthesis, structure,
and observed magnetic properties of the title compound, AMn3O2(Ge2O7), a novel
manganese(III) germanate that crystallizes containing an ideal Kagome lattice made of
MnO6 octahedra. The significance of this compound to the field of frustrated magnetic
materials is great due to the uninterrupted nature of the Kagome layer and the covalent,

~ 192 ~

non-magnetic linkages between the layers.

Whereas with most other compounds

containing a Kagome lattice the layers are either separated by weak ionicly bonded ions
or linked directly through other magnetic species, the title compound only contains the
possibility of long-range super superexchange magnetic couplings through the nonmagnetic pillars while maintaining the rigidity of being covalently bonded.

Synthesis and Characterization of AMn3O2(Ge2O7); A = K, Rb/K
Synthesis. The initial single crystal synthesis of the K phase of the title compounds
employed KO2 (96.5%, Alfa Aesar), MnO2 (99.9%, Alfa Aesar), and GeO2 (99.98%, Alfa
Aesar) in the molar ratio of 1 : 3 : 4 (ca. 0.359 g) ground together with three times, by
weight, excess of the eutectic flux mixture of CsCl (99.9%, Alfa Aesar) and KCl (99.9%,
Alfa Aesar) (molar ratio of 52 : 48, ca. 0.8 g and 0.327 g, respectively) and loaded into a
six inch carbon coated quartz tube. The reaction was sealed under vacuum and placed in
a box furnace. The reaction was heated at a rate of 1
three days, slow cooled at a rate of 0.1

°C

°C

/min. up to 800°C, isothermed for

/min. to 400°C, and finally furnace cooled to

room temperature. Brown-orange small columns (approx. 0.12 mm x 0.05 mm x 0.05
mm) (Fig.5-5a) in a yield of approximately 60%, by visual examination, were isolated
from brown-orange powder of the same phase using vacuum filtration with distilled water
to remove residual salt and acetone to dry.
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Figure 5-5. Optical images of a) KMn3O2(Ge2O7) single crystals and b)
Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) single crystals amongst brown-orange needles and powder.

a)

b)
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To improve crystalline yield, changes were made to the reaction conditions. First, the
CsCl was removed from the equation, leaving only KCl salt as the flux. Second, Mn 2O3
(Mn3+) was used in place of MnO2 (Mn4+). The use of only these changes in reaction
conditions resulted in an increase to approx. 90% visible yield of small brown-orange
columns with a small mixed manganese oxide black powder impurity, as seen in PXRD
(Fig. 5-6).
Initial synthesis of the mixed Rb/K phase employed the single salt flux of RbCl and
the Mn3+ oxide source Mn2O3 of the improved reaction conditions for the K phase. The
result of this reaction was an approx. yield of 50% large brown-orange hexagonal
columns (approx. 0.4 mm x 0.12 mm x 0.12 mm) (Fig. 5-5b) embedded in a mesh of
orange micro needles of the same phase with some mixed manganese oxide black powder
impurities reminiscent of the K reaction. The PXRD comparison (Fig. 5-7) of the total
single crystal synthesis reaction shows the presence of the described phase along with the
manganese oxide impurities, just as in the K phase.
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Figure 5-6. PXRD comparison of the calculated powder pattern (bottom) determined
from the single crystal structure of KMn3O2(Ge2O7) and the observed powder pattern
(top) of the total single crystal synthesis reaction product. Intensity differences in the
peaks exist due to preferred orientation issues with hkl values associated most with 00l
and 10l.
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Figure 5-7. PXRD comparison of the calculated powder pattern (bottom) determined
from the single crystal structure of Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) and the observed
powder pattern (top) of the single crystal synthesis reaction. Intensity differences in the
peaks exist due to preferred orientation issues with hkl values associated most with 00l
and 10l.
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Syntheses of high-yield powder products were performed in open air alumina crucibles
employing a stoichiometric mixture of A2CO3 (A = K and Rb, respectively) (K - EM
Science, 99%, Rb - Alfa Aesar, 99%), MnO2 (Alfa Aesar, 99.9%), and GeO2 (Alfa Aesar,
99.98%). The reactants were heated to 800°C for Rb and 950°C for K over six hours,
isothermed for twelve hours, and cooled to room temperature over six hours. The
resulting products were brown-orange, slightly sintered blocks of powder that were
ground up for PXRD analysis (Fig 5-8). As can be seen in the PXRD comparisons, the
desired phases are the predominant in each pattern with minimal contribution from
crystalline impurities in the full K phase. The extra peaks in the observed powder
patterns have been attributed to various manganese oxides; not unexpected products
when utilizing MnO2 due to the decomposition of the material in situ. The synthesis of
the K phase resulted in much lower amounts of the impurities than did the synthesis of
the Rb phase. Attempts to remove these impurities by adjusting the reaction temperature,
ranging from 750°C to 950°C, by regrinding and reheating the samples, or by utilizing
different the alternate manganese oxide starting material Mn2O3 have only resulted in
increased impurities.
In an attempt to synthesize a solid solution series, stoichiometric amounts of the two
attempted end point high-yield powders were mixed and heated to 850°C for 12 hours.
Syntheses for Rb1-xKxMn3O2(Ge2O7) with x values including 0.25, 0.34 (composition of
Rb-inclusive single crystal synthesis), 0.5, and 0.75 were run and analyzed via powder Xray diffraction. As can be seen in Figure 5-8c and Table 5-1, the various powders
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patterns contain peaks that match the desired phase; however, some of the same impurity
peaks as seen in the attempted end point syntheses are also present in the mixtures.

Figure 5-8a.

Powder X-ray diffraction analysis of high yield powder synthesis

reaction of KMn3O2(Ge2O7) from a stoichiometric mixture of reactants. Impurity peaks in
the observed powder pattern have been attributed to various manganese oxide
compounds.
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Figure 5-8b. Powder X-ray diffraction comparison of the high-yield powder synthesis
of RbMn3O2(Ge2O7) from stoichiometric mixtures of reactants to the calculated pattern.
Though many of the major peaks match, there are many impurity peaks that overshadow
much of the pattern.
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Figure 5-8c. PXRD comparison of high-yield powder syntheses of phases from the attempted solid solution series for Rb1xKxMn3O2(Ge2O7)

(x = 0, 0.25, 0.34, 0.5, 0.75, and 1.0). Disregarding x = 0.75, the patterns show significant matching to the

Kagomé phase peak positions and intensities but do not show significant shift that one would expect for a solid solution series.
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Though identifiable peaks are evident of the desired phase in the attempt at a solid
solution series, no significant shift in peak intensities or positions are determinable that
would suggest the changes necessary to say that each of the intermediate phases were
formed. Also, unit cell refinements of the patterns do not show significant changes in the
unit cell parameters from pattern to pattern demonstrating a match to the original
structure without shifts that would signify a solid solution series. It is probable that the
mixtures of the two reactants simply produced the mixed Rb/K phase identified by the
single crystal solution plus the two reactants and the same unidentified various
manganese oxides.

Crystallographic Studies
Crystallographic Studies. Single crystals were selected under an optical microscope
and mounted, using epoxy, to the tip of individual glass fibers for X-ray diffraction
studies. The structures were solved by direct method using the SHELEX-979 program and
refined on F2 by least-squares, full-matrix techniques. Crystal data for KMn3O2(Ge2O7):
hexagonal space group P63/mmc (no. 194), a = b = 5.8797(8)Å, c = 13.720(3)Å, V =
410.7(1)Å3, Z = 2, ρcalc = 3.987 g/cm3, Mo Kα (λ = 0.71073Å) radiation, 2.97 < 2θ <
26.35, final R = 0.0281, Rw = 0.0294, GOF = 1.052 (all data), 24 parameters. Data were
collected on a four circle Rigaku AFC8 diffractometer equipped with a Mercury CCD
area detector. Atomic parameters, anisotropic thermal parameters, and selected bond
distances and angles are reported in Tables 5-1, 5-2, and 5-3 respectively. Crystal data
for Rb0.66(1)K0.34(1)Mn3O2(Ge2O7): hexagonal space group P63/mmc (no. 194), a = b =
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5.8843(8)Å, c = 13.796(3)Å, V = 413.6(1)Å3, Z = 2, ρcalc = 4.202g/cm3, Mo Kα (λ =
0.71073Å) radiation, 2.95< 2θ <24.93, final R = 0.0327, Rw = 0.0335, GOF = 1.169 (all
data), 22 parameters. Data were collected on a four circle Rigaku AFC8 diffractometer
equipped with a Mercury CCD area detector. Atomic parameters, anisotropic thermal
parameters, and selected bond distances and angles are reported in Tables 5-4, 5-5, and 56 respectively. A side-by-side comparison of the crystallographic data is presented in
Table 5-7.

Table 5-1. Atomic coordinates for KMn3O2(Ge2O7).
Atom
K
Ge
Mn
O(1)
O(2)
O(3)

Wyckoff
position
2d
4e
6g
4f
6h
12k

sof

x

1
1
1
1
0.33
1

2/3
0
1/2
1/3
0.087(3)
0.3269(4)

y

z

1/3
0
1/2
2/3
0.043(2)
0.1634(2)

1/4
0.12580(5)
0
0.0597(3)
1/4
0.0881(2)

Table 5-2. Anisotropic displacement parameters (Å2) for KMn3O2(Ge2O7).
Atom
K
Ge
Mn
O(1)
O(2)
O(3)

U11
0.0277(8)
0.0141(7)
0.0094(7)
0.017(1)
0.01(1)
0.015(1)

U 22
0.0277(8)
0.0141(7)
0.0094(7)
0.017(3)
0.050(7)
0.023(1)

U 33
0.012(1)
0.0065(8)
0.0140(8)
0.006(2)
0.004(6)
0.024(1)
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U 12
0.0138(4)
0.0071(3)
0.0048(5)
0.0089(6)
0.009(5)
0.0075(7)

U 13
0.00000
0.00000
-0.00178(9)
0.00000
0.00000
-0.0070(9)

U 23
0.00000
0.00000
0.00178(9)
0.00000
0.00000
-0.0035(4)

Table 5-3. Selected distances (Å) and bond angles (deg.) for KMn3O2(Ge2O7).

MnO6
Mn – O(1)
Mn – O(1)a
Mn – O(3)b

1.885(2)
1.884(2)
2.097(2)

Mn – O(3)
Mn – O(3)c
Mn – O(3)d

2.097(2)
2.097(2)
2.097(2)

O(1)a – Mn – O(1)
O(1)a – Mn – O(3)b
O(1)a – Mn – O(3)c
O(1)a – Mn – O(3)d
O(1)a – Mn – O(3)
O(1) – Mn – O(3)b
O(1) – Mn – O(3)c
O(1) – Mn – O(3)
O(1) – Mn – O(3)d

179.9(1)
96.14(4)
96.14(5)
83.87(5)
83.84(4)
83.86(4)
83.85(5)
96.15(4)
96.14(5)

O(3)b – Mn – O(3)
O(3)b – Mn – O(3)c
O(3)b – Mn – O(3)d
O(3) – Mn – O(3)c
O(3) – Mn – O(3)d
O(3)d – Mn – O(3)c
O(3)d – Mn – O(3)b
O(3)d – Mn – O(3)
O(3)c – Mn – O(3)
O(3)c – Mn – O(3)b

179.99(5)
91.21(8)
88.79(8)
88.79(8)
91.21(8)
179.98(7)
88.79(8)
91.21(8)
88.79(8)
91.21(8)

GeO4
Ge - O(2)f
Ge - O(2)i
Ge - O(2)j

1.761(4)
1.761(4)
1.761(3)

Ge - O(3)
Ge - O(3)g
Ge - O(3)h

1.743(2)
1.743(2)
1.743(2)

O(3)g – Ge – O(3)
O(3)g – Ge – O(3)h
O(3)g – Ge – O(2)i
O(3)g – Ge – O(2)j
O(3)g – Ge – O(2)f

111.57(8)
111.57(7)
92.71(8)
114.03(7)
114.07(6)

O(3)h – Ge – O(3)
O(3)h – Ge – O(2)i
O(3)h – Ge – O(2)j
O(3)h – Ge – O(2)f
O(3) – Ge – O(2)i
O(3) – Ge – O(2)j
O(3) – Ge – O(2)f

111.57(7)
114.03(8)
114.07(8)
92.71(9)
114.07(8)
92.71(8)
114.03(7)

Ge – O(2) – Ge
150.9(1)
Mn – O(1) – Mne
102.51(0)
e
k
Mn – O(1) – Mn
102.52(0)
Mnk – Mn – Mne
60.0(0)
Mnk – O(1) – Mn
102.51(0)
Mn – Mne
2.94(0)
l
c
f
Mn – O(3) – Mn
89.01(4)
Ge – Ge
3.408(1)
a-l
Symmetry codes: a) 1+x-y, 1-y, -z; b) 1-x, 1-x+y, -z; c) y, x, -z; d) 1-x+y, 1-x, z; e) 1y, 1+x-y, z; f) –y, -x, 0.5-z; g) –y, x-y, z; h) –x+y, -x, z; i) –x+y, y, 0.5-z; j) x, x-y, 0.5-z;
k) –x+y, 1-x, z; l) 1-x, -x+y, -z.
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Table 5-4. Atomic coordinates for Rb0.66(1)K0.34(1)Mn3O2(Ge2O7).
Atom
K
Rb
Ge
Mn
O(1)
O(2)
O(3)

Table

Wyckoff
position
2d
2d
4e
6g
4f
6h
12k

5-5.

sof

x

0.343(1)
0.657(1)
1
1
1
0.33
1

Anisotropic

2/3
2/3
0
1/2
1/3
0.076(3)
0.3270(7)

displacement

y

z

1/3
1/3
0
1/2
2/3
0.038(1)
0.1635(3)

1/4
1/4
0.12536(6)
0
0.0597(4)
1/4
0.0867(2)

parameters

(Å2)

Rb0.66(1)K0.34(1)Mn3O2(Ge2O7).
Atom
K
Rb
Ge
Mn
O(1)
O(2)
O(3)

U11
0.0232(8)
0.0232(8)
0.0119(5)
0.0073(6)
0.013(2)
0.05(1)
0.011(2)

U 22
0.0232(8)
0.0232(8)
0.0119(5)
0.0073(6)
0.013(2)
0.00(1)
0.018(2)

U 33
0.0101(8)
0.0101(8)
0.0053(6)
0.0117(6)
0.005(3)
0.003(5)
0.020(2)
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U 12
0.0116(4)
0.0116(4)
0.0059(2)
0.0036(5)
0.007(1)
0.000(5)
0.0057(9)

U 13
0.00000
0.00000
0.00000
-0.0014(2)
0.00000
0.00000
-0.004(2)

U 23
0.00000
0.00000
0.00000
0.0014(2)
0.00000
0.00000
-0.0020(8)

for

Table

5-6.

Selected

distances

(Å)

and

bond

angles

(deg.)

for

Rb0.66(1)K0.34(1)Mn3O2(Ge2O7).

MnO6
Mn – O(1)a
Mn – O(1)b
Mn – O(3)

1.888(2)
1.888(2)
2.091(2)

Mn – O(3)c
Mn – O(3)d
Mn – O(3)e

2.091(2)
2.091(2)
2.091(2)

O(1)a – Mn – O(1)b
O(1)a – Mn – O(3)e
O(1)a – Mn – O(3)
O(1)a – Mn – O(3)c
O(1)a – Mn – O(3)d
O(1)b – Mn – O(3)c
O(1)b – Mn – O(3)e
O(1)b – Mn – O(3)
O(1)b – Mn – O(3)d

179.98(0)
96.25(8)
83.75(7)
83.74(9)
96.26(8)
96.25(9)
83.74(8)
96.26(7)
83.75(8)

O(3) – Mn – O(3)e
O(3) – Mn – O(3)c
O(3) – Mn – O(3)d
O(3)e – Mn – O(3)c
O(3)e – Mn – O(3)d
O(3)c – Mn – O(3)d
O(3)d – Mn – O(3)
O(3)d – Mn – O(3)e
O(3)c – Mn – O(3)e
O(3)c – Mn – O(3)

179.9(1)
91.6(1)
88.4(1)
88.4(1)
91.6(1)
180.0(1)
88.4(1)
91.6(1)
88.4(1)
91.6(1)

GeO4
Ge - O(2)g
Ge - O(2)j
Ge - O(2)k

1.763(3)
1.763(3)
1.763(3)

Ge - O(3)
Ge - O(3)h
Ge - O(3)i

1.750(4)
1.750(4)
1.750(3)

O(3)i – Ge – O(3)
O(3)i – Ge – O(3)h
O(3)i – Ge – O(2)k
O(3)i – Ge – O(2)g
O(3)i – Ge – O(2)j

111.1(1)
111.1(1)
101.10(9)
101.13(9)
120.44(8)

O(3)h – Ge – O(3)
O(3)h – Ge – O(2)g
O(3)h – Ge – O(2)k
O(3)h – Ge – O(2)j
O(3) – Ge – O(2)g
O(3) – Ge – O(2)k
O(3) – Ge – O(2)j

111.1(1)
101.10(9)
120.4(1)
101.13(9)
120.4(1)
101.13(9)
101.10(9)

Ge – O(2) – Ge
154.61(4)
Mne – O(1) – Mnd
102.38(0)
d
m
Mn – O(1) – Mn
102.38(0)
Mnk – Mn – Mne
60.0()
Mnm – O(1) – Mne
102.4(0)
Mn – Mnf
2.942(0)
f
g
Mn – O(3) – Mn
89.43(7)
Ge – Ge
3.439(1)
a-m
Symmetry codes: a) 1-x, -x+y, -z; b) –x+y, 1-x, z; c) 1-x+y, 1-x, z; d) y, x, -z; e) 1-x,
1-x+y, -z; f) 1-y, x-y, z; g) –y, -x, 0.5-z; h) –x+y, -x, z; i) –y, x-y, z; j) x, x-y, 0.5-z; k) x+y, y, 0.5-z; l) –x, -x+y, -z; m) x-y, 1-y, -z.
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Table 5-7. Crystallographic data comparison of title Kagomé phases.

Empirical Formula

KMn3O2(Ge2O7)

Rb0.66(1)K0.34(1)Mn3O2(Ge2O7)

Color / Shape

red-orange /
hexagonal column

brown-orange / hexagonal
column

Average Crystal Size (mm)

0.16 x 0.05 x 0.05

0.4 x 0.12 x 0.12

493.187

523.327

P63/mmc / 2

P63/mmc / 2

T, K

298

298

a, Å

5.8797(8)

5.8843(8)

b, Å

5.8797(8)

5.8843(8)

c, Å

13.720(3)

13.796(3)

α, degree

90

90

β, degree

90

90

γ, degree

120

120

410.7(1)

413.7(1)

12.251

18.015

460

534

3.987

4.645

196 / 0 / 24

167 / 0 / 24

3649 / 0.0333

3120 / 0.0511

Final R1 / wR2 [I > 2σ(I)]

0.0281 / 0.1067

0.0241 / 0.0644

R1 / wR2 (all data)

0.0294 / 0.1114

0.0249 / 0.0650

1.052

1.204

0.002(2)

-----

1.987 / -0.892

1.844 / -2.653

Formula Weight (amu)
Space Group / Z

V, Å3
μ (Mo Kα), mm-1
F000
dcalc, g cm-3
Data / Restraints /
Parameters
reflections collected /
unique / Rint

GOF
Extinction Coefficient
Largest Difference Peak /
Hole (e- / Å3)
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To help verify the crystallographic determination of the mixed Rb/K composition of
the second phase, elemental analysis utilizing scanning electron microscopy was
employed. As can be seen in the elemental mapping and elemental analysis of the mixed
Rb/K phase (Fig. 5-9), the qualitative analysis shows that the amount of K is relatively
half the amount of Rb. The color-enhanced SEM pictures show the atomic distribution of
the various elements selected for analysis. The elemental distributions are observed to be
homogeneous identifying the even dispersal of each of the elements throughout the
crystal. This particular analysis qualitatively verifies the existence of both Rb and K in
the material and the relative amounts of each. Quantitative analyses would be possible
with SEM equipped with an EDX detector if reference samples of each desired element
are available for analysis with the experimental sample.
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Figure 5-9. a) The qualitative percentages of each element detected in the crystal. As
can be seen, there is approximately half as much K present as Rb in the crystal.

b)

Views

of

of

the

elemental

mapping

performed

on

a

single

crystal

Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) using a scanning electron microscope (SEM) employing an
Energy Dispersive X-ray (EDX) detector. Carbon is present due to the mounting tape
used to hold the crystal in place and help disperse surface charging.
a)
Element
C
O
K
Mn
Ge
Rb

App
Conc.
9.34
24.48
2.89
29.68
25.78
5.35

Intensity
Corrn.
0.3875
0.7780
1.0739
0.9043
0.8246
0.5429

Weight%
18.22
23.80
2.03
24.83
23.65
7.46
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Weight%
Sigma
1.84
0.97
0.17
0.81
1.08
0.52

Atomic%
38.69
37.93
1.33
11.52
8.31
2.22

b)
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Magnetic Susceptibility.

Temperature and field-dependent measurements were

performed on a Quantum Design SQUID MPMS-5S magnetometer using ground powder
of selected single crystals (10.9 mg for K, 4.9 mg for K/Rb) placed in a gel capsule (Fig.
5-10a and b, respectively). The initial temperature-dependent studies were performed
over 2 to 300 K in applied fields of H = 0.01 and 0.5T with field- and zero field-cooling
at 0.01 and 0.5T. Field-dependent measurements were performed with H up to 5 Tesla
on the same ground samples at 2 and 25K. The magnetic susceptibility was corrected for
the contribution of the gel capsule and for the core diamagnetism using Pascal’s
constants.10
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Figure 5-10.

PXRD comparisons of the SQUID samples to calculated patterns

determined from single crystal structure solutions of a) KMn3O2(Ge2O7) and b)
Rb0.66(1)K0.34(1)Mn3O2(Ge2O7). Noise in the scans can be attributed to small sample sizes.
Possible impurities are identified with a star (

).

a)
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b)
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Results and Discussion
Crystal Structure.

Concerning the pure K phase, small brown-orange columns

(average size 0.16 mm x 0.05 mm x 0.05 mm) were isolated from a high temperature
molten flux reaction and observed embedded amongst brown-orange needles and
powders. These columns were used for single crystal and powder x-ray diffraction
analyses. The mixed Rb-K phase was isolated as larger brown-orange columns (average
size 0.4 mm x 0.12 mm x 0.12 mm) with a distinct hexagonal shape, comprised of
smooth shiny faces and sharp edges. From these crystals, the hexagonal structures of
KMn3O2(Ge2O7) and Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) were elucidated.
From the formula and bond valence sum calculations, the oxidation state of the Mn
was determined to be 3+. This oxidation state is understandably present due to the
starting materials utilized in the reactions. Initially, Mn4+ was used as a reactant in the
form of MnO2; however, MnO2 looses one oxygen and reduces from Mn4+ to Mn3+ at
approximately 535°C. The syntheses go beyond this temperature to 800 and 950°C. This
places the temperature of the reaction beyond that of the decomposition point of MnO2
and just below the decomposition point of Mn2O3 (approximately 1080°C), the resulting
form of the decomposed MnO2. Being this near to the decomposition point of Mn2O3
makes the presence of MnO (oxidation state of 2+) possible but less likely than the 3+
phase. These decomposition products easily explain the oxidation state of the title
compounds and the impurity products. Manganese oxide phases that have significant
peaks matching some of the impurity peaks observed in the powder patterns include
Mn3O4 and Mn2O3. Both of these phases contain manganese in oxidation states of both

~ 214 ~

3+ and 2+, both plausible oxidation states from the decomposition of the initial
manganese reactant.
The structure of the title compounds (Fig. 5-11a) displays layers of distorted MnO6
octahedra pillared by Ge2O7 units. The counter cations reside in the interstitial space
between the layers and pillars akin to globes floating in a great hall.
To begin, examination of the manganese oxide layers reveals an ideal Kagomé lattice
(Fig. 5-11b). This entails triangular arrangements of the magnetic ions. These triangles
are drawn with the manganese at the corners and a μ3 oxo-oxygen at the center (Fig. 512a). Each of the manganese cations are involved in two triangles, forcing the formation
of six-membered rings around the top and bottom of the Ge2O7 pillars. This arrangement
of triangles and six-membered rings forms the ideal Kagomé lattice as seen in Fig. 5-1.
To further confirm the ideal Kagomé triangular arrangement, examination of the bond
distances and angles is necessary. As seen in Tables 5-3 and 5-6, the distances between
all of the manganese within the layer are the same and all of the Mn-Mn-Mn angles
around the μ3 oxygen are 60°, which generates an equilateral triangle – one of the
stipulations for the Kagomé lattice. The Kagomé layers then stack …ABAB… along the
c-axis with the ―eyes‖ directly above and below one another. The extended lattice
dimension along the c-axis is derived when the μ3 oxygen is examined. Going from layer
to layer, the μ3 oxygen alternate above and below the plane of the manganese, generating
an extended unit cell along the c-axis and the ABAB stacking pattern. This can easily be
seen when the triangles of adjacent layers of the Kagomé lattice are highlighted, as done
in Fig. 5-11c.
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Continuing to look at the Kagomé layer, the second feature to stand out is the
compressed axial bonds of the MnO6 octahedra, generating a tetragonal distortion (Fig. 512a). These axial oxygen are those that participate as the μ3 oxo-oxygen and the spins
associated with their bonds are the probable source for the ferrimagnetic behavior
observed in the magnetic measurements.

The Mn-O-Mn angles involving this μ3

oxygen are all greater than 102°, promoting the antiferromagnetic interactions that
generate a frustrated triangle. Alignment of the spin of the Mn magnetic ion along the dz2
orbital involved with these bonds could generate a non-coplanar rearrangement of the
spins and, therefore, uncompensated spin vectors resulting in a non-zero net magnetic
moment.

Support is given to this hypothesis by the observations of the magnetic

behavior of the compounds.
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Figure 5-11.

Perspective views a) along a-b plane showing pillars and cations

between Kagomé layers and b) along c axis showing just the manganese oxide Kagomé
lattice. Triangles have been added to aid the eye in examining the interactions between
the magnetic manganese ions. c) Light and dark red respectively represent the orientation
of the central oxygen below or above the plane of the triangle.

Manganese are

represented as blue, Germanium as gold, Oxygen as red, and the alkali metals as grey.

a)
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b)

c)
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Figure 5-12. Views of a) a single triangular unit of manganese oxide from the
Kagomé layer and b) a single Ge2O7 pillar. Three oxygen are present around the center
of the pillar unit due to the displacement of the oxygen from a special position around a
3-fold rotation axis along the c-axis. The oxygen are only one-third occupied eliminating
any close oxygen-oxygen distances around the center of the pillar.

a)

b)
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The other major structural unit involved in the title compounds that makes this
Kagomé structure unique from others is the Ge2O7 pillar (Fig. 5-12b). This is not to say
that other compounds with Kagomé layers do not have linked layers, however, the
linkages are typically other magnetically active ions or at the least partially occupied with
magnetically interactive ions in many cases. The few cases that do contain closed-shell
linker groups between the Kagomé layers most often exhibit non-ideal Kagomé lattices,
either having vacancies or mixtures of magnetic ions with the non-magnetic ions in the
layers.4 This linker group utilizes the closed-shell germanium oxide that separates the
layers from direct contact, but could, at the same time, participate in an extended super
super-exchange magnetic coupling pathway between layers, but with significantly
diminished strength. Initial structural analysis of the pillar unit resulted in a linear GeO-Ge pillar with the central oxygen residing on a special position. This 180° Ge-O-Ge
bond is not unheard of, where as if this had been composed of either phosphate or
arsenate, the linear configuration would have been suspect immediately.11 However, even
though the bond angle is not unexpected, the bond distance (1.704(1)Å) was particularly
short for that type of Ge-O bond and the thermal parameters for the oxygen on the special
position were not isotropic, as can be seen by the doughnut-shaped thermal ellipsoid plot
in Fig. 5-13a. To relieve some of the issue with the thermal parameters, the oxygen was
moved off of the special position and reduced to one-third occupancy to compensate for
the 3-fold rotation axis. This solution reduced the thermal distortion of the oxygen atoms
(Fig. 5-13b) and changed the angle of the pillar significantly, to approximately 150°.
How these pillars stack in relation to the position of the bridging oxygen is the same as
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with the μ3 oxygen of the Kagomé layer in that they alternate in an ABAB fashion,
rotating around the 3-fold rotation axis to give the appearance of six distinct oxygen
when two units are viewed together along the c-axis (Fig. 5-13c and d). The addition of
these partially-occupied oxygen reduced the R value of the structure solution only
slightly but significantly, approximately 1%.
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Figure 5-13. View of the thermal ellipsoid plots for the Ge2O7 pillar unit a) with only
one bridging oxygen on the special position with the 3-fold rotation axis and b) with three
one-third occupied oxygen just off of the special position. c) and d) show, from views of
the pillars along the c-axis and a-b plane, respectively, how the alternating stacking of the
layers affects the stacking of the pillars and the appearance of six distinct oxygen around
the bridging bond, when there are only three per pillar. The other oxygen around the
germanium (O(3)) have been removed for clarity.

a)

b)

c)

d)
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Magnetic Properties. Temperature-dependent magnetic measurements were run on
both phases with field strengths of 100 and 5000 Oe over the range of temperatures from
2 to 300 K. Field-dependent measurements were run with fields up to ±5 Tesla at 2 K.
Based on the atomic arrangements (bond distances and angles) in the ideal Kagomé
lattice, high temperature behavior of the title compound is predicted to be
antiferromagnetic in nature. This prediction is backed up by the observed slope of the
high-temperature portion of the -1 vs. T plot (Figure 5-15) and the Curie-Weiss fitting of
the same portion of the plot of the H = 5000 Oe data. As can be seen in Fig. 5-16, the
theta value (m2) is extrapolated to be significantly negative in both phases, signaling the
antiferromagnetic behavior of the compounds at high temperatures. Also gathered from
the fitting data is the Curie constant for each set of data. The Curie constant corresponds
to the μ value, or magnetic moment expressed as Bohr magnetons, for each compound
which corresponds to the types of interactions that contribute to the magnetic couplings.
It can be deduced if the interactions are dominated by one or a combination of spin-spin,
orbital-orbital, or spin-orbital couplings. The theoretical total magnetic moment (Eqn. 51), spin-only magnetic moment (Eqn. 5-2), and calculated magnetic moment (Eqn. 5-2) μ
values for a magnetic ion are calculated using the following equations:

μ = g√(J(J+1))

eqn. 5-1

μ = 2√(s(s+1))

eqn. 5-2

μ = 2.82√C
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eqn. 5-3

where g is the Landé splitting factor for the electron, J is the total angular momentum
quantum number, and S is the total spin angular momentum quantum number. L is the
orbital angular momentum quantum number, and, for many cases, it can be considered
negligible or at least reduced in its impact on J. However, the real determination of the
contribution from L is symmetry dependent. The coordination of the ion determines
which orbitals are most likely to contain the spins and, based on the splitting, orbital
contributions to the total angular momentum may be reduced or eliminated all together.11
From these equations, the theoretical spin-only μ value for Mn3+ (S = 2) is calculated to
be 4.90 μB. Based on the C values (m1) calculated from the fitting of the -1 vs. T plot,
the calculated μ values for the K and mixed Rb/K phases are 5.3(3) μB and 5.6(4) μB,
respectively.

The fact that the calculated values are significantly higher than the

theoretical values indicates that the contributions are more complicated than straightforward spin-only interactions. Since Mn3+ is in the high-spin d4 octahedral environment,
even considering the strong tetragonal distortion, orbital contributions should be
negligible. The major contribution from the tetragonal distortion is in the splitting of the
two eg orbitals, the dz2 and the dx2-y2. Since the contraction is seen along only one set of
bonds, it can be inferred that they belong to the dz2 orbital, therefore lowering the energy
of the dx2-y2 orbital in relation to the dz2 orbital. This electronic configuration allows all
the electrons to remain unpaired, with all degenerate orbitals, the three t 2g orbitals, half
filled.

This eliminates any orbital contribution to the magnetization.

However,

theoretically, splitting could also occur in the t2g orbitals due to distortion of the diagonal
orbitals brought on by repulsion from the contracted dz2 orbital. As seen in Figure 5-14,
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theoretical extended splitting shows how orbital contributions could arise given enough
distortion brought on by the contraction along the z direction. In both cases, L would be
equal to 2, giving a calculated spin-orbital μ value of 5.48 μB. As seen above, the
observed values match much closer with the spin-orbital values confirming either that the
contraction along the z direction leads to further orbital splitting or that possible magnetic
impurity exists in the sample, increasing the observed values. Noise in the PXRD of the
SQUID samples makes identification of impurities difficult, but does not disprove the
inclusion of possible impurities. Density Functional Theory (DFT) calculations can be
used to determine the actual orbital energy levels and confirm or disprove the orbital
contributions to the magnetic behaviors.

Figure 5-14. Orbital energy diagrams showing possible splitting brought on by the
contraction of the Mn3+O6 octahedra along the z direction. The diagrams, from left to
right, go from ideal octahedral (L = 0) to tetragonal distortion with extended contractions
that give rise to both L = 0 and L ≠ 0, increasing observed μ values.
L=0

dz2

eg – dz2, dx2- y2

dx2- y2

t2g – dxy , dxz, dyz

dxz, dyz
dxz, dyz
dxy

L≠0

dxz, dyz
dz2
dxy, dx2- y2

~ 225 ~

dx2- y2

Figure 5-15. Temperature-dependent inverse magnetic susceptibility plot (-1 vs. T) of

K FC at 100 Oe 10-16-10
KMn3O2(Ge2O7) and Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) at a) 100 and b) 5000 Oe. Inserts in
both plots show closer examination of plots below 100 K.
100

80

FCOe
atFC
100 Oe 10-16-10
Inv Chi K @K100
Inv Chi Rb/K @ 100 Oe FC

60
50

45

3+

 (mole Mn / emu)

40

-1

3+

 (mole Mn / emu)

Inv Chi K @ 100 Oe FC
Inv Chi Rb/K @ 100 Oe FC

-1

20

40

35

30

25

20

15
0

0
0

a)

50

100

150

20

40

Temperature (K)

200

Temperature (K)

~ 226 ~

60

250

80

100

300

K FC at 5000 Oe 10-16-10 3:00:51 PM 10/16/2010

100
Inv Chi K @ 5000 Oe FC
Inv Chi Rb/K @ 5000 Oe FC

80
70
K FC at 5000 Oe 10-16-10 3:00:51 PM 10/16/2010
Inv Chi K @ 5000 Oe FC
Inv Chi Rb/K @ 5000 Oe FC

60

50

50

3+

 (mole Mn / emu)

40

45

40

35

-1

-1

3+

 (mole Mn / emu)

90

30

30

25
0

20

40

60

80

100

Temperature (K)

0

b)

20

50

100

150

200

Temperature (K)

~ 227 ~

250

300

Figure 5-16. Curie-Weiss fit of high-temperature portion of the temperaturedependent inverse magnetic susceptibility plot (-1 vs. T) of KMn3O2(Ge2O7) and
Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) at 5000 Oe. m1 represents the Curie constant (c value) for
each plot. m2 represents the Weis constant (θ value) for each plot.

K FC at 5000 Oe 10-16-10 3:00:51 PM 10/16/2010
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As seen in Fig. 5-17, the first feature of the susceptibility of both phases in the
presence of a 100 Oe field is a very broad antiferromagnetic transition that extends from
approximately 100 K down to 50 K. This first feature remains as the field is increased to
5000

Oe.

The

field-independence

of

this

transition

represents

the

overall

antiferromagnetic and frustrated behaviors of the isolated Kagomé lattice, independent of
the countercation effects. The features seen below 50 K, however, do not follow this
same trend, as seen in Figure 5-16. The lower temperature feature is both field- and
cation-dependent and extends from approximately 40 K to 15 K. This transition is fielddependent as seen by the fact that the transition is completely suppressed in both phases
as the field is changed from 100 Oe to 5000 Oe. The cation-dependence is seen as a
significant relative suppression from the pure K phase to the mixed Rb/K phase. These
observations reveal the interesting magnetic couplings that arise within the frustrated
system. The presence of the plateau shows that the spins are able to form compensating
spin states to account for the spin frustration within the Kagomé layer. The degenerate
spin states are represented as the lack of change in the susceptibility while the spins are
able to rearrange independent of the change in temperature. The field is able to suppress
the various degenerate spins states into fewer and fewer states as the spins align with the
stronger field. The cations affect the ability of the Kagomé layers to communicate
through super superexchange interactions through the Ge-O-Ge bond. As the larger Rb
cations take the place of some of the smaller K cations, the Ge-O-Ge bond gets slightly
longer, from 3.408(1) to 3.439(1), and the Ge-O-Ge angle gets slightly larger, from
150.9(1) To 154.61(4). The ability of the layers to communicate increases as the angle
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gets larger, increasing the long range ordering of the spin states and suppressing the
plateau of degenerate spin states.

Figure 5-17.

Temperature-dependent magnetic susceptibility plots (vs. T) of

KMn3O2(Ge2O7) and Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) at a) 100 and b) 5000 Oe. c) and d)
K FC at 100 Oe 10-16-10
show comparisons of the same compounds, K and mixed Rb/K respectively, at the
K FC at 100 Oe 10-16-10
Chi K @ 100 Oe FC
Chi Rb/K @ 100 Oe FC

different fields. Inserts in all plots show closer examinations below 100 K.
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The comparison of the zero-field cooling (ZFC) and field-cooling (FC) plots (Fig. 518) show divergence across a wide range of temperatures. The fact that the ZFC and FC
plots remain diverged over the measured range supports the theory of the possible
emergence of a spin glass state. By cooling a sample with a frustrated lattice without an
applied field, there is no external force on the alignment of the spins until the sample
begins to warm up. Therefore, the spins are able to remain uncorrelated to the applied
field, given it remains small enough to not overcome the coupled spin interactions. With
the presence of a frustrated lattice, no long range ordering is prompted by the external
field due to the strength of the spin interactions that were able to dominate while the
external field was not being applied.

The spin interactions, being frustrated, form

degenerate states that don’t show temperature-dependence until the temperature is warm
enough to return to a paramagnetic state. Examination by inelastic neutron scattering for
decreases in spin fluctuation or relaxation times or neutron diffraction for the absence of
long range ordering would also support this determination.
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Figure 5-18. Examination of zero-field cooling versus field-cooling at a) 100 Oe and
ZFC K @ 100 Oe
b) 5000 Oe of the K phase showing no convergence of the two scans.
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Continuing to examine the magnetic data further supports the field-dependence of the
second transition. When field-dependent measurements (Fig. 5-19) were run on both
phases at 2 K up to 5 Tesla in both directions, some remnant magnetization was observed
in the mixed Rb/K phase.

Though the coercive field was distinctively small,

approximately 60 Oe, it was not negligible. As part of the support for the idea of a spin
glass state, remnant magnetization is a requirement. This observation also supports the
concept of uncompensated spins due to spin canting to relieve the frustration on the 2D
Kagomé lattice. As supported in Fig. 5-4, a magnetic field could be responsible for
inducing spin rearrangement to an antiferromagnetic yet uncompensated mode within the
Kagomé lattice. Essentially, the spins remain anti- to one another in respect to their
magnetic interactions, yet due to canting away from the same plane, the net spin vector is
not equal to zero. This produces a pseudo ferrimagnetic state that gives rise to features
such as remnant magnetization and a coercive field. This state can also contribute to the
dynamic nature of the spins down to low temperatures by allowing even more possible
spin configurations with degenerate energy levels.

~ 237 ~

Figure 5-19.

Field-dependent magnetic susceptibility of KMn3O2(Ge2O7) and

Rb0.66(1)K0.34(1)Mn3O2(Ge2O7) at 2 K from -5 to 5 Tesla. Insert) Closer examination of

Rb field dependent @ 2K
region between

200 Oe allowing a view of the remnant and coercive fields in the mixed

Rb/K phase.
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Conclusions
In conclusion, endeavors into the fundamental understanding of magnetic phenomena
have led researchers on a quest for ideal structures that can allow for the examination of
basic properties. This research has lead to the synthesis of the novel, ideal Kagomé
compound AMn3O2(Ge2O7), where A = K and mixed Rb/K. The structural features that
make this compound novel and ideal are the fully occupied Kagomé lattice and the pillars
separating the lattices made of closed-shell oxyanions. The Kagomé lattice being fully
occupied means that the interactions within the layers should be uniform in nature,
eliminating any deviations due to vacancies in the composition of the layers. The closedshell oxyanions separating the layers adds a barrier to direct interlayer interactions,
allowing only for long range super super-exchange interactions, permitting a more direct
examination of independent 2D frustrated networks.
The observed magnetic data supports the predictable aspects of the Kagomé lattice
including the antiferromagnetic behavior above the temperatures where frustration is
observed and suppression of the theta value as the applied field is increased. Both the
field-dependent plateau that is visible in the plots of temperature-dependent magnetic
susceptibility and the remnant magnetization and coercive field visible in the fielddependent magnetic susceptibility point towards regions of either spin glass behavior or
canted ferri- or ferromagnetism of the Kagomé lattice. The interaction between the
Kagomé layers is also evidenced by the differences between the low temperature plateaus
when the pure K phase is compared to the mixed Rb/K phase. As the layers are further
separated, the long range ordering between layers through the diamagnetic pillars is
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increased. This is further evidence of the idealization of the Kagomé layer and the ability
to isolate the layers so that their individual natures may be examined. To further support
these determinations, examinations of the decrease in spin fluctuations or relaxation times
in inelastic neutron scattering and for the absence of long range ordering observed from
neutron diffraction could be made. Also, neutron examination of the individual spin
states of both phases before and after the frustration plateau would shed more light on the
Kagomé lattices and the extent of interaction through the germanate pillars. It would be
worthwhile to be able to determine the nature of the frustrated state, identifying the
arrangements of the spins on the 2D lattice and the extent of 3D long range ordering.
These compounds continue the trend of materials containing Kagomé lattices in that
even as more and more research is done on this unique structure, many questions
concerning its true nature still remain. They present a novel, ideal Kagomé lattice that
could lead to a better understanding of the magnetic properties of Kagomé lattices and
how communication between the lattices affects the overall magnetic behavior. Where
other compounds containing the Kagomé lattice have either direct magnetic linkages
between the layers or complete separation due to ionic layers of cations, the title
compounds contain oxyanion pillars which physically separate the layers while providing
magnetic couplings between layers only through super super-exchange interactions. The
extent of these interlayer interactions may be adjusted by changing the intercalated cation
which has an effect on the interlayer spacing, and therefore, the bond lengths and angles
involved in the germanate pillars. It is seen in the magnetic data that communication
through the pillars had the ability to break down the frustrated nature of the layers and

~ 240 ~

generate long range ordering between layers. Therefore, it should also be possible to
bring the layers closer together, altering the germanate bond angles and distances,
reducing the interlayer communication and potentially completely isolating the individual
layers while maintaining the covalent rigidity of the framework.

Current reactions

involving different sized cations to achieve further manipulation of the interlayer distance
have not resulted in any other derivatives of the title phases; however, the concept
remains important for future studies. Further examinations of such compounds with
uninterrupted Kagomé lattices can open new doors into the realm of controlled
geometrically frustrated materials.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORKS
Conclusions
Research is an unending task. Though progress may be made in the discovery of new
compounds and the observation of interesting properties, there always arise more
questions. These questions are the driving force for future scientists to stand on the
shoulders of those who came before and to press forward toward the goal of generating
their own challenges that arise from their observations. The research in this group
utilizes molten salt fluxes as high temperature solvents for high refractory oxides in
attempts to synthesize various covalent oxide lattices, specifically those with isolated
magnetic subunits or lattices with reduced dimensionality. In this study, the use of
targeted exploratory chemistry resulted in the identification of a number of novel,
interesting phases; some that fit the targeted goal of low-dimensional magnetic materials
and some that did not. These results demonstrate the continued validity of the hightemperature salt flux methods employed to generate new materials for advanced
applications.
Before magnetic materials can be designed for the advanced applications of today’s
and tomorrow’s technology, the basic understanding of those desired behaviors must be
understood. The goals of this research were to 1) synthesize new compounds that
idealized some of the desired low-dimensional structural features useful in these devices,
2) characterize the structures of the compounds, 3) measure the properties of the
materials that exhibit the structural features of interest, and 4) make structure-property
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correlations so that an understanding may be established between the structural features
and the observed physical properties.
The synthetic methods utilized in this research to achieve these desired lowdimensional features included directing reagents that tended towards the clustering of
elements into subunits. The first aspect of this was the use of the molten salt fluxes
utilized as high temperature solvents for crystal growth. The salts had a three-fold use in
the reactions. First, with the low temperature of the melting points of the eutectic
mixtures in relation to high temperature melting points of the other high refractory oxide
reactants, the salts can act to reduce the temperature of the heating programs involved in
the synthesis and crystal growth of inorganic oxides. This property as a solvent tends to
increase the kinetic processes of the typically thermodynamically-dominated high
temperature methods. Second, the ionic lattice of the salts can act as a scaffold for a
host-guest type reaction with the covalent lattice of the as-prepared metal oxides. This
type of scaffolding, known as salt-templation in prior studies, is utilized to generate large
open frameworks where in the salt resides in channels or layers formed of the covalent
oxides. The third aspect of the salt flux is its potentially reactive nature. In some case,
the salts remain inactive to the oxides and simply act as a solvent; however, in many
cases the salt becomes one of the reactants and becomes involved in the reactivity of the
other reagents. The reaction responsible for these particular situations is known as a
metathesis reaction. This is a double-displacement type reaction that occurs between the
alkali halide salt and one of the oxide reactants to produce the alkali oxide in situ. This
intermediate reaction is actually utilized to generate species in the overall reaction that
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are not commercially available but useful to the synthesis of novel compounds. Probably
the most well-known example of this is the reaction of Na2O with CsCl to possibly
produce the unavailable ―Cs2O‖ in a metathesis reaction. This reaction relies on the
mismatch of the anions and cations of the reactants and the size matching and reactivity
of the products. As the reactive ―Cs2O‖ species is formed and essentially comes out of
―solution‖ and the more stable NaCl salt is produced, the reaction equilibrium is shifted
toward the products, as seen in the equation below:
Na2O + CsCl ↔ ―Cs2O‖ + NaCl
This type of reactivity from the salt is observed in Chapter 5 where the Rb from the
salt flux ends up in the interstitial space between the Kagome lattices and germanate
pillars alongside the K cations. Also, the unidentifiable secondary product from Chapter
3, the purple needles, contained Cs as evidenced by the EDX analysis. Both of these
examples are just a few of many from this research group that detail the involvement of
the salt flux on the end products of many solid state reactions.
The second variable altered in the synthetic methods of this research to direct the lowdimensional features was the use of closed-shell oxyanions. By inserting closed-shell
species as a linker, the magnetic lattices can simultaneously be terminated in varying
degrees producing the desired 2D (sheet), 1D (chain), or 0D (cluster) features. The
oxyanions can behave as both terminating units along various crystalline directions or as
spacing units between magnetic lattices based on the subunits that the oxyanion
polyhedral employ. For example, in the case of phosphates and arsenates, commonly
isolated tetrahedra or meta-chains can act as linkers/spacers between magnetic ions.
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With vanadates in the square pyramidal coordination environment, as seen in
AV2O3(PO4) from Chapter 4, there exists a short vanadyl bond that often acts as a
terminating unit to crystalline propagation along a particular direction. In the compounds
from

Chapters

3

and

5,

Na3-x(Mn3-xGex)O2(Ge4O12),

Na2Mn5(Ge4O11)2

and

AMn3O2(Ge2O7) the larger germanate subunits act as spacers that increase the distance
between magnetic species. This provides a clear delineation of the compounds in this
study based on structural features. The first compound chapter is dedicated to sodium
manganese germanates that contains 1D magnetic chains or slabs isolated by [Ge4O13]6ring units. The next compound chapter, concerning the compound AV2O3(PO4), also
contains a 1D magnetic chain, but utilizes the effect of the short vanadyl bond present
with vanadates in the square pyramidal coordination and the isolating nature of the
phosphate tetrahedra to generate the low dimensional feature. The third compound
chapter, dedicated to the Kagome compound AMn3O2(Ge2O7), details the 2D lattice
separated by [Ge2O7]6- pillars.
Chapter 3 specifically details the synthesis and characterization of the 1D compounds
Na2.78(Mn2.72Ge0.27)O2(Ge4O12) and Na2Mn5(Ge4O11)2.

This chapter exemplifies the

effects of changing salt fluxes on the outcome of a reaction. The initial aim of the
research that lead to these compounds was concerned with the manganese derivatization
of the known Na2Cu3(GeO3)4; however, as the flux was adjusted, the product distribution
shifted from one phase to an entirely different phase. From this, it can be determined that
either the composition or structure of the salt within the flux has an impact on the
products. Given that NaCl and CsCl have distinctly different crystal structures, the
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crystalline connectivity of the salt could have had an impact on the connectivity of the
oxide reactants. Also, the cations, Na+ and Cs+, have significantly different sizes, making
the spaces they require or generate within a structure distinct. Knowing this, one can
choose a salt that may have a greater tendency to form particular sized and shaped
frameworks, as seen in previous salt-inclusion compounds synthesized previously in the
Hwu research group. The feature that the two of the compounds in Chapter 3 share is the
presence of the [Ge4O13]6- rings, but the connectivity between rings and between the rings
and the magnetic lattice are different. The differences in the connectivity are why the
units are described differently in each of the empirical formulas. Due to the chain nature
of the ring connectivity in Na2Mn5(Ge4O11)2, the ring units are described as [Ge4O13]6units that share chain-propagating oxygen. The stacked and isolated nature of the ring
units in Na2.78(Mn2.72Ge0.27)O2(Ge4O12) makes the description slightly different, as seen
in the formula.
Also detailed in Chapter 3 are the observed magnetic behaviors of the title compound,
Na2.78(Mn2.72Ge0.27)O2(Ge4O12), which, due to the triangular nature of the 1D magnetic
chains and the incorporation of non-magnetic germanium ions into the magnetic chain,
are quite complicated.

Expected antiferromagnetic behavior in the temperature-

dependent magnetic susceptibility due to the frustrated nature of the triangular units in
the chains is observed; however, other transitions below the TN are also observed. The
nature of these other transitions appears to be ferro- or ferrimagnetic in behavior due to
the increase in susceptibility that is observed below the transition.

This secondary

transition is also observed to be field dependent by the comparison of the temperature-
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dependent measurements at 100, 1000, and 5000 Oe. One of the best explanations for
this behavior is the possible reduction of the distance between the two manganese centers
in the edge-shared MnO6 octahedra dimer units within the chain as the temperature is
decreased or the field is increased. This reduced distance would shift the strength of
interaction along the chain to reduce the frustrated triangular interactions and increase the
ferromagnetic coupling between the two manganese in the dimer unit.

This chain

compound offers the opportunity to examine a frustrated 1D magnetic chain that also
contains within it reduced dimensionality along the chain due to the incorporation of the
non-magnetic germanium ions. The amount of dimensional reduction within the chain is
dictated by two factors: the concentration of the germanium within the chain and the
sodium countercations in the interstitial spaces that provide charge balance. It appears
that, under the current set of reaction conditions that produce the desired phase, a
compositional limit is reached with either the Na+ or Ge4+, producing a very limited range
in the structural incorporation of Ge into the chain. This appears to be the case when
observing the lack of a solid solution series produced with this material. Under the
current synthetic conditions, the composition of the phase is limited to 24 to 30% Ge
within the chain. This is likely due to a limiting structural factor from the inclusion of
Na+ in the interstitial spaces as the amount of Ge changes. As more Ge is included in the
chain, less Na+ is necessary for charge balance; therefore, there are fewer Na+ atoms
located in the interstitial spaces of the material. Since nature abhors a vacuum, there is a
limit in this structure as to how much open interstitial space the structure can maintain.
The opposite also appears to be true in that as less Ge is included in the chain, more Na+
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is required to maintain a charge balance; however, the structure can only handle so much
strain from the additional repulsion of the countercations in the interstitial space. This
precarious balance is also supported by the observation of the other related and slightly
more condensed phases examined during the course of this research on the sodium
manganese germanate. It can be deduced how the initial structure may collapse into one
of the other phases as the balance of Na+ is altered. To verify the concentration of the
germanium in the chain, future studies could include micro-beam enabled Particleinduced X-ray Emission, or PIXE, analysis.

This technique, similar to SEM-EDX,

determines the elemental composition of a sample by excitation of said sample with an
ion beam; however, PIXE is also capable of determining the distribution of trace
elements within a material. This would allow for the accurate determination of the
lengths between germanium within the chains. By knowing the lengths of the manganese
sections separated by the germanium, the magnetic properties could be correlated to the
distance. Also, examination of the location of the germanium within the chain would
show if the distribution was homogeneous or if the germanium has a tendency to cluster
together. This information is pertinent to the full understanding of the magnetic behavior
of the material.
AV2O3(PO4), detailed in Chapter 4, is another 1D chain compound that, utilizing the
terminating short vanadyl bond, produces a layered structure. The A-site cations, either
Rb+ or Cs+, reside in the interstitial space between layers. The 1D chains are comprised
of two sets of edge-shared VO5 dimers. The dimers link end-to-middle along the chain
where one dimer unit (containing V(1)) is always linked at the middle, where the edges of
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the two square pyramids are shared, and the other dimer unit (containing V(2)) always
links via one of the corners. This produces a zig-zag nature to the chains. The chains are
separated from one another by isolated [PO4]3- tetrahedra. This produces a vanadiumrich phase with an interesting magnetic lattice in that the magnetic ions predominantly
couple in 1D with the potential for long range coupling within the layer through super
superexchange interactions through the phosphate groups or between layers, depending
on the separation generated by the countercation that is present. The observed high
temperature magnetic behavior of this lattice is antiferromagnetic, which is expected due
to the V-O-V bond angles averaging above 100°. However, just as in the compound in
Chapter 3, an observed secondary transition below the TN resulted in an increase in
magnetic susceptibility. This transition, however, was not field-dependent, as observed
by the comparison of the temperature-dependent measurements made at 100 Oe and 5000
Oe. This tells us that the transition is only temperature dependent and is a function of the
connectivity of the magnetic ions and the distances between the layers determined by the
interstitial cations.

Therefore, as the interlayer distance is increased due to the larger

interstitial cations, the 3D ordering temperature is observed to decrease as would be
expected for reduced 3D ordering. To further test this observation, future work should
include further cation derivatization to change the interlayer distances and neutron studies
to examine spin states. Current research on the front of ion exchange has not produced
any further derivatives due to the dissolution of the materials in hydrothermal systems,
non-reactivity in solvothermal systems, and conversion to an entirely different structure
when in open-air environments. Attempts should be made to determine systems that
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provide more stable environments for the overall framework while providing an
oxidizing environment to remove the countercations, such as with the use of I2 in an
organic solvent. Neutron studies would be useful in determining the extent of interlayer
interactions by being able to examine the amount of 3D ordering between the layers as
the size of the cations is increased. Like examining X-ray powder patterns of a material
where the unit cell can be expanded or compressed along one direction, neutron
diffraction should show shifts in the peaks as the magnetic unit cell expands or contracts
due to the creation or elimination of long range ordering.
The shift in dimensionality from 1D to 2D is seen in the progression to Chapter 5
which details the structure and characterization of the Kagomé phase AMn3O2(Ge2O7),
with A = to K or mixed Rb/K. This structure differs from the previous due to the
expansion along the a-b plane of the magnetic lattice. The synthesis of this compound
has produced a framework that contains an idealized Kagomé lattice, something that has
been sought after by many scientists looking to study perfectly frustrated magnetism.
The Kagomé structure is constructed of MnO6 octahedra arranged in such a way as to
produce equilateral triangular arrangements of the magnetic ions. This arrangement
generates three-membered and six-membered rings within the layer. The reason this
structure is attractive to scientists investigating frustrated magnetism is because of the
equilateral triangles of magnetic ions. These triangles, just as detailed in Chapter 3,
produce perfect frustration in the spins involved and force nature to find ways to
compensate for the strain. In a 2D structure, this can be achieved by either a non-linear,
coplanar rearrangement of the spins, breaking the Ising model of spin alignment, or by
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breaking into three dimensions and canting the spins to a non-linear, non-coplanar
arrangement. This three dimensional shift, while maintaining antiparallel alignment of
the spins, potentially generates uncompensated spin vectors. These uncompensated spins
allow the magnetic susceptibility to present a non-zero magnetic moment. Also, these
various forms of rearrangement that are made possible by this simple yet complex
structure create the second reason that Kagomé phases are particularly important to
frustrated magnetism scientist. Each of these rearrangements generate a spin state with
similar or the same energy levels, producing degenerate spin states. This degeneracy is
evident in the magnetic behavior when plateaus in the susceptibility plots are observed.
As observed in the magnetic data for this Kagomé structure, a very broad
antiferromagnetic transition and a field-dependent, low temperature plateau are observed
in the temperature-dependent susceptibility, as seen in the comparison of the 100 Oe and
5000 Oe plots. The plateau represents a region of degenerate states and transitions
between different arrangements of spin states on the Kagomé lattices. The magnitude of
this feature is greatly impacted by the composition of the phase.

As seen in the

comparison between the pure K phase and the mixed Rb/K phase, the plateau region is
greatly diminished as the Rb cations become involved in the structure. This factor is due
to the increased interlayer distance that is generated by the larger cation. The reasoning
is not so much the actual interlayer distance as the configuration of the germanate pillars
that span said distance.

Communication between the layers through the pillars is

controlled by the connectivity of the germanate units. As the distance increases, the
germanate bond distance and angle increase which allows for greater communication
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between the layers along the germanate pillars. This increased communication generates
greater 3D ordering and reduces the frustration of the layers due to interlayer association.
The final feature of the magnetic susceptibility plots goes along with the final possible
rearrangement of a frustrated 2D system – the three-dimensional non-coplanar, noncollinear rearrangement. This rearrangement generates the uncompensated spins, seen as
a susceptibility increase which is observed at low temperatures below the plateau region.
These iconic features of the structure and magnetic susceptibility make this an ideal
Kagomé phase for further understanding of the fundamentals of geometric frustration.
This fundamental compound can go on to have an impact on understanding such concepts
as all the possible ground state configurations that a frustrated system may occupy to help
relieve the natural strain, the effects of electron or hole doping on a frustrated lattice by
means of altering the oxidation state of the magnetic ion without altering the structural
configuration, and the nature of magnetic couplings between layers of frustrated lattices
isolated by non-magnetic ions that can only participate in extended super superexchange
interactions. Any of these future investigations could go on to have a great impact on the
understanding of the role that geometric frustration plays in quantum phenomena and
how those properties may be controlled or directed by the composition of the compound.
Other compounds synthesized in this study offered the examination of novel
structures.

The first of these compounds was the sodium manganese germanate,

Na2Mn5(Ge4O11)2, detailed in Chapter 3 that was synthesized during targeted
derivatizations of a known sodium copper germanate, Na2Cu3(GeO3)4 also synthesized in
the Hwu group. The target structure of the cuprate was magnetically interesting due to
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the copper oxide trimer units contained within a meta-germanate framework similar to
rungs on a ladder. By derivatizing the cuprate with manganese, the examination of how
changes in oxidation state could affect the magnetic behavior would be possible. Instead,
nature produced the 1D-2D intermediate sodium manganese germanate. The structural
feature of this phase that makes it stand out as an intermediate between dimensionalities
is the 3-wide manganese oxide octahedra slab. The feature is more than just a 1D chain,
but is not quite a 2D sheet. The sheet is terminated by the interesting chain of 4memebered germanate rings. The major issues with this material stemmed from the
crystal growth. The crystals that grew did so off of a green material that was small and
impossible to separate to a high enough degree to get a high purity sample for magnetic
measurements. Also, the structural determination was difficult due to the poor diffracting
nature of the crystals. There were few alterations that could be done to the synthetic
method that would still produce the phase, which made it difficult to increase the yield or
purity. One technique that did not work, but was profitable in generating the title phase
identified in Chapter 3 was the shift to a single salt flux. When the mixed NaCl / CsCl
salt flux was changed to just CsCl, the product phase shifted to the mixed manganese
germanate described in Chapter 3, Na3-z(Mn3-xGex)O2(Ge4O12). The shift to the inclusion
of a mixed halide salt flux, using CsCl and NaI, was successful at generating slightly
larger crystals, but did nothing for the green ―impurity‖.
Another phase detailed in Chapter 4 was synthesized in both an open-air Pt crucible
and sealed tube, AV2O4(PO4). Though the K phase is known, the Cs phase synthesized in
this research is novel and the high-temperature synthetic technique utilized is new for the
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phase when compared to previous publications. What makes this compound interesting
and relevant to this research is the low-dimensional features of the transition metal oxide
lattices and the open framework containing charge-balancing cations. The vanadate
lattices in this material form two orthogonal 1D chains of corner-sharing square pyramids
which would be magnetically interesting if the vanadium were not fully oxidized. This
leads to how the second feature, the large open framework, becomes more pertinent to the
functionality of this material. If one were able to reduce the vanadium of this compound
through possible ion intercalation, it would generate free spins available for magnetic
interactions.
Also formed during the vanadate reactions and detailed in Chapter 4 is that of the
known cluster [V10O28]6- embedded in a disordered NaCl/RbCl salt matrix. Though the
cluster has been observed before, it has never been synthesized at high temperature as
this derivative was during the reaction that produced large single crystals of
CsV2O3(PO4). This simply goes to show the continued utility of solid state synthetic
techniques to generate novel and functional phases.
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Future Works
As stated previously, research is never-ending. There are always more things that can
be done, however, there is a point in time when the torch must be passed to the next
generation and young researchers must move forward to the next phase of their careers.
Therefore, to start the drive of future chemist, listed here are some future works for this
study that can present interesting continuations of the compounds listed and probably
give rise to entirely new veins of research based on the inspirations received from the
studies.
Due to the complex nature of the magnetic behaviors of all of the stated compounds,
neutron studies are required to gain a full understanding of the magnetic structures
involved with each of the transitions observed. The two neutron measurements that
should reveal the most information about the compounds is inelastic neutron scattering
and neutron diffraction. Inelastic neutron scattering can be used to examine the changes
in spin fluctuations or spin relaxation times. These measurements can reveal magnetic
structures based on the spins and identify slow relaxation of magnetization. These
features can help identify the nature of the magnetic structures at each point before and
after observed transitions or at the ground state where multiple possibilities exist. The
observable differences in the neutron studies arise from the fact that neutrons are able to
distinguish spins in the same way that X-rays distinguish electrons.

As in PXRD

measurements, planes of electron density diffract the X-rays in predictable patterns, so do
planes of electron spins diffract neutrons. Therefore, as different spin states exist at
different temperatures and fields, neutron will be able to identify changes in spin
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configurations, elucidating the overall spin state of the material at any given temperature
or field. This is important for frustrated systems due to the fact that there are many
possible degenerate states that may exist at any given temperature and field. By being
able to identify the specific magnetic structure, better correlation of the magnetic
behavior to the structure can be made allowing for further design of materials for specific
properties in other studies. To further understand the spin interactions, Electron Spin
Resonance, or ESR, measurements can be run to examine the natures of the spin
correlations within each compound. Similarly to how NMR examines nuclear spin, ESR
examines electron spin. The spectra are generated by unpaired spins and how they
interact with the other spins and near-by nuclei. The spacing between the lines generated
in the spectra are fingerprints to the structural arrangement of the spins in correlation to
other unpaired spins and the included nuclei. Particularly, ESR can be used to determine
the g-value utilized in the calculation of μ. This g-value is important because it is a
measurement of spin correlations that is often estimated as 2. As spins are more strongly
correlated to one another in particular structures, such as that of the Kagome compound
detailed in Chapter 5, the estimated value is significantly different from the actual value.
To achieve accurate theoretical values and generate plausible explanations for observed
magnetic behaviors for structures with strongly correlating spins, the g-value must be
determined experimentally.
Given that most of the compounds mentioned contained some sort of elemental
derivatization, further studies into various derivatives to examine the effects should be
fruitful. It has been seen in this study and previous studies, using a known compound as
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a starting point and adjusting one of the parameters can lead to novel derivatives or new
compounds altogether.

For this reason, further examination of the mixed sodium

manganese germanate in Chapter 3 for the possibility of a solid solution series where the
Ge concentration within the chain is adjusted further than the observed 0.24 to 0.30
amount, could lead to a better understanding of the effect the closed-shell oxyanion has
on the magnetic behavior of the 1D chain. Currently, the reaction conditions available
have proven unsuccessful for this system, however, research is always moving forward
and finding new ways to do old things; therefore, this system is too interesting to be
completely abandoned but must wait for the right conditions for further examination. For
AV2O3(PO4), using other interstitial cations could result in further expansion or
contraction of the layers. This structural change could affect the structure of the material
if the layers are allowed to come close enough to form a bridging connection or the
behavior of the magnetic lattice if the layers are brought close enough to interact or far
enough apart to eliminate all interactions. Also, if Li+ ions are incorporated into the
structure or even inserted above the observed cation concentration, redox chemistry can
be explored. Lithium vanadates have become a central vein of research in the field of Li +
batteries and layered materials offer the greater ability to expand structures to accept
larger amounts of the cations. If reaction conditions can be found that prevent the
vanadium phosphate from decomposing, Li+ ion exchange could be attempted and
electrochemical studies could be performed. Currently, the material decomposes when
placed in any solvothermal system for ion exchange and has not responded to high
temperature flux ion exchange. For the Kagome phase in Chapter 5, derivatization of the
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transition metal within the Kagome layer would offer the opportunity to study effects on
an ideally frustrated lattice. The expansion of this compound could lead to even better
understanding of fundamental frustrated magnetic behaviors.

Also, given that the

structure is pillared with the countercations residing in the interstitial space, the
countercation derivatization, just as in the proposed work for AV2O3(PO4), could lead to
possible redox chemistry.

In both of the cases for the cation derivatization of the

compounds in Chapter 4, AV2O3(PO4), and Chapter 5, AMn3O2(Ge2O7), not only is the
prospect for Li+ ion electrochemistry inspiring, but the examination of the magnetic
behaviors as the oxidation states change due to the cation insertion presents an interesting
case for magnetic control. The idea is that the magnetic behavior of the compounds can
be controlled electrochemically through redox reactions to adjust the oxidation state of
the magnetic ions and produce the desired magnetic behavior. The future studies into the
reaction conditions necessary to carry out the cation exchanges and/or insertions and
electrochemical control of each compound could open an entirely new vein of research
where magnetic behaviors are no longer explored for but turned on and off through
electrochemistry.
In the end, this research, though the route here was winding, has generated a number
of new compounds with interesting structures and properties. However, it, as all research
does, has generated its fair share of additional questions that beg to be answered. There
are many future studies that can be done on each of the phases identified in many
different fields, ranging from the magnetic to the electrochemical. The knowledge that
has been gathered from all of the research detailed in this dissertation and even from the
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research that was not detailed here has produced in me a love of chemistry and a
connection to other parts of my life that were not there before. Though the time was
long, the journey was well worth the rewards received along the way in the form of
knowledge and friendships. I pass this hope along to the next generation as well as the
privilege of seeing new parts of chemistry that are yet to come.
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